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The objective of this investigation was to study the behavior of a low 
carbon structural steel when subjected to three-quarters of one full cycle 
of slowly and rapidly applied uniaxial loading. The parameters selected for 
study were the stress rate in the initial direction of loading, the stress 
rat'e in the reverse direction, the prestrain resulting from the initial 
loading, and the testing temperature. The prestrain was varied between 
elastic shocks (with negligible permanent strain) and approximately 0.10 in./in. 
strain. 
A form of the rate equation suggested by Campbell's critical number of 
dislocations criteria for the initiation of plastic flow was adopted for the 
analysis of the experimental data. The activation energy was expressed as a 
power function of stress for, defining the upper yield stress as well as stress 
points in the strain hardening region of the initial loading direction. 
For comparison of the flow mechanism in the initial and reverse directions, 
a time-temperature-stress relation was developeq on the pasis of a dislocation 
criterion and several assumptions as to the nature of the flow mechanism. 'In 
addition, Lud~ik's exponential relation between stress and strain in the 
strain hardening region was utilized to study the nature of the flow mechanism 
in the reversed direction of loading. 
The results of the comparison suggest that after some straining in the 
reverse direction the reverse flow mechanism becomes identical to the flow 
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mechanism for the initial monotonically stressed specimen. However, the flow 
stress level for the reverse direction was less than the level for the ~rrono­
tonically stressed specimen when compared on the basis of equal magnitudes of 
strain. It was found that the difference in the flow stress levels was a 
function of the prestrain and the stress rate. 
A group of specimens were loaded at different stress rates in the initial 
and reversed directions to ascertain the effects of the initial rate of deforma-
tion on the stress-strain behavior in the reverse direction of loading. The 
data indicated that high deformation rates in the initial direction created 
micro-structure changes which resulted in a reduction of the reverse flow 
stress. At equal stress rates in both directions, the reduction was a minimQm, 
and at slower rates, apparently planes of easy glide were activated resulting 
in a reduction in the flow stress which was comparable to that resulting from 
the high rates of deformation. 
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CHAPTER 1. INTRODUCTION 
1.1. General Remarks 
In the past three decades a vast amount of information has been assembled 
by many investigators on the stress-strain behavior of monotonically and uni-
axially stressed specimens of mild steel. Mechanical variables such as rate 
of loading, size effect, and ductility, as well as metallurgical features 
such as grain size, heat treatment, and aging effects have been studied. Based 
on experimental evidence and dislocation theory concepts, flow e~uations have 
been postulated for predicting the behavior of materials, in particular the 
yield point, taking into account some of the variables just described. 
Most literature on the subject of material behavior has been restricted 
to monotonic or fatigue loading. Little information can be found in the 
literature that defines the stress-temperature-time deformation mechanism 
during one full cycle of loading, particularly information on the Bauschinger 
effect which is predominant as the sense of stressing is reversed. The need 
for information on material behavior under reversal of direction of loading 
arises from the present interest in designing structures for transient loadings 
wherein considerations of energy losses are of considerable importance. Also 
a study of the flow mechanism under cyclic. loading should contribute to a 
better understanding of the low-cycle high stress fatigue mechanism. 
1.2. Object and Scope 
This study constituted one part of an investigation entitled "The 
Behavior of Structural Metals Under Slow and Rapid Reversal of Loading." This 
particular part of the investigation involved study of several parameters, 
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namely, the shape of the flow curve, the stress rate in the first-quarter 
cycle, the stress rate in the third-quarter cycle, the prestrain in the first-
half cycle of loading, and the temperature of testing. 
For purposes of description, the stress-time diagram for one full cycle 
of loading was divided into four quarters. The first-quarter cycle was 
defined as the por~ion of the stress 7 time curve representing the initial 
I 
loading, from zero istress to maximum. stress in the initial loading direction. 
The portion of the stress-time curve representing the first unloading stage 
was defined as the second-quarter cycle, and the reloading in the reverse 
direction was called the third-quarter cycle. The second unloading stage 
is defined as the fourth-quarter cycle of one full cycle of loading; behavior 
during the fourth-quarter cycle was not studied as a part of this investigation. 
The primary objective of this study was to investigate the third-
quarter cycle flow (stress-strain) curve. The flow theories for monotonically 
and uniaxially stressed specimens were used to relate stress, strain, time, 
and temperature for the flow curves of the first-quarter cycle. Subsequently 
the applicability of these theories for the third-quarter cycle was evaluated. 
The experimental aspects of the investigation were divided into two 
phases. The first phase of the experimental portion of the program involved 
a series of tests to study the effect of the stress rate of the first-quarter 
cycle on the stress-strain behavior in the third-quarter cycle. The stress 
rate in the third-quarter cycle was held constant at about 350 pSi/sec. The 
permanent plastic deformation in the first-half cycle, the prest~ain, was 
held constant at about 0.04 in./in. The stress rate in the first-quarter 
cycle was varied between the limits of 10 pSi/sec to 108 pSi/sec. Five testing 
temperatures ranging from -100 to 250 degrees Fahrenheit were chosen. 
-3-
The second phase of the experimentaT portion of the program involved 
study of the effect of the prestrain in the first-half cycle on the stress-
strain behavior in the third-quarter cycle. Also the stress rate sensitivity 
of the stress-strain curve in the third-quarter cycle was i.nvestigated. Three 
stress rates were chosen, 350, 5 x 105,' and 3 x 107 pSi/sec. In all cases 
the stress rates in the first- and third-quarter cycles were held approxi-
mately equal. The prestrain in the first-half cycle was varied from elastic 
shocks (with negligible permanent set) to approximately 0.10 in./in. 
With regards to analysis and interpretation of the experimental data, 
a review of the literature was undertaken in order to ascertain the nature 
of the flow mechanisms which have been proposed by other investigators to 
relate the ~our variables, stress, strain, time, and temperature. Solid state 
physicists have been engaged in study of crystal imperfections for decades, 
and have developed theories for explaining the experimentally observed de-
pendence of stress and strain on time and temperature. Recently, based on 
the theoretical treatment of the mechanics of dislocations, and experimental 
observations, the concept of the activation energy for the release of a dis-
location from its "atmosphere" has been developed. The concept of activation 
energy has led to several criteria for the initiation of plastic flow, 
commonly designated as lithe critical number of dislocations" and "the critical 
stress il required for initiation of yielding. As part of the over-all investi-
gation the criteria for the initiation of plastic flow have been studied in 
1 
detail recently in a thesis by Wright (34) . .L For ease of application under 
the particular circumstances, the critical nwnber of dislocations criteria 
has been adopted for interpretation and evaluation of the experimental data 
presented herein. 
1. The numbers enclosed in parentheses following a name refer to iterris in 
the bibliography. 
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A brief review of past w:ark in the subject area is presented in 
Section 1.3. A brief description of the steel used in this investigation, 
and the testing procedures are presented in Chapter 2. Chapter 3 contains 
the analysis of the first-~uarter cycle flow curve. The constants for the 
evaluation of the activation energy-stress function has been presented for 
the upper yield stress as well as the activation energy-stress function for 
the portion of the stress-strain curve beyond the yield point. The applica-
bility of the power law which relates stress and strain beyond the yield 
point has been studied and the possibility of incorporating time and tempera-
ture into one parameter is discussed. The experimental data for the analysis 
presented in Chapter 3 were obtained from the first phase of the testing 
program. The analysis of data for the third-~uarter flow curve is presented 
in Chapter 4. The asymmetry of the third-~uarter flow curve with respect to 
the first-~uarter flow curve and the applicability of the flow e~uations 
which were derived for the monotonically and uniaxially stressed specimens 
are presented in Chapter 4. The experimental data presented in Chapter 4 
were obtained from the first and second phases of the experimental program. 
The summary and conclusions of this study are .presented in Chapter 5. 
1.3. Review of Past Work 
The mechanism of yielding and the dependence of the yield strength on 
temperature and strain rate have been discussed by a number of investigators. 
In particular, Cottrell and Bilby (9) have developed a theory of yielding of 
iron. From the basic study by Cottrell and Bilby (9) other theories and 
mechanisms for yielding of iron have been suggested such as the critical 
number of dislocations criteria for yielding by Campbell (3). These flow 
mechanisms"are based on the concept that flow will commence when the 
-5-
specimen has attained a critical magnitude of energy by thermal activation 
and stress activation. 
Development of the ~Equation--The concept that the movement of 
dislocations within the crystal lattice is one of the primary mechanisms in 
the yielding of mild steel is well established. The dislocation movement is 
caused by the applied stress aided by thermal fluctuations which affect the 
molecular velocity and other phenomena. Cottrell and Bilby (9) have postu-
lated that in mild steel the dislocations are anchored by "atmosphe~esl! of 
carbon atoms and have explained the yield point as the breaking away of dis-
locations from the carbon "atmosphere." Once the dislocations have broken 
away, a lower stress can keep them moving, which is related to the drop in 
the stress-strain curve after passing the upper yield point, and leads to 
the existence of an upper and lower yield point as commonly observed in strain-
ingmachines. Cottrell and Bilby (9) also have shown that the mean time before 
a dislocation is released from its atmosphere is proportional to the factor 
[
U ( cr / cr oy ) ] 
exp k T ,or, 
(1.1) 
where t is the mean time required for the dislocation to break from the 
ifatmosphere" of carbon atoms, U is the activation energy required for the 
release of a dislocation from its lIa tmosphere" and a function of (0/ (J" ), cr 
oy oy 
is the yield stress at zero degress Kelvin, cr is the applied stress, k is 
B -16 / Boltzman's constant which is equal to 1.3: x 10 ergs degree Kelvin, and T 
is the temperature in degrees Kelvin. It follows that at time t the total 
number of dislocations released is proportional to the summation of the rate 
over a given period of time, or 
-6..; 
t 
N =J exp [ U(a/a- )] _ oy dt kT (1.2) 
_00 
whereN is the total number of dislocations at time t. If the assumption is 
made that yielding will commence at time tl when a certain critical number 
of dislocations is attained, then the above quantity becomes equal to a con-
stant when the expression is integrated to time t l . The const~nt will depend 
on the particular steel tested, but should be independent of the stress-time 
variation corresponding to the test used. 
Theoretical activation energy curves have been derived by Cottrell and 
Bilby (9) from a consideration of the mechanism of release of a dislocation. 
Yokobori (35") has pointed out that the experimental activation energy curves 
may be represented approximately by equations of the type 
u = (-A) log (a-/ a- ) 
e oy 
where A is a constant. 
If for t< 0 it is assumed that the material is unstressed and no free 
dislocations exist, and that for t > 0 the stress is a function of time, then 
by substituting the expression for the activation energy into Eq. (1.2) and 
making the other modifications noted, one obtains 
tl ex I [~(t)] dt 
o - oy 
C 
where ex is equal to (:T)' a dimensionless constant. 
Theoretically the yield stress for any given type of dynamic test may 
be evaluated from Eq. (1.4) if all other quantities are known. For a constant 
strain rate test 
<T = 
-7-
f(t) = E (dE) t dt 
where (~~) is the strain rate (~~ = E) and E is Young1s modulus of elasticity 
(the material is assumed to be linearly elastic up to the yield point). 
SubstitutingECl. (1.5) into (1.4) and solving for tl yields 
and solving for cr by ECl. (1.5) and ECl. (1.6) yields y 
cr y 
1 
[ ] 
ex+l 
cr (ex + 1) ~E 
oy u 
- oy 
(1.6) 
In summary it must be emphasized that ECl~ (1.7) is applicable only for the 
following conditions: the activation energy-stress function must be expressed 
in the form suggested by Yokobori (35), the Young IS modulus must be a constant, 
and the strain rate from zero strain to onset of yielding must be maintained 
at a constant rate. 
The conditions which are reCluired for using ECl. (1.7) were met for the 
upper yield stress of the first-Cluarter cycle of loading. However, the de-
velopment of the flow eCluations for the stress-strain curve beyond the yield 
point and the stress-strain curve in the third-Cluarter cycle had to be altered 
to take into account the variation in the strain rate and the reversal in the 
sense of stressing. A detailed treatment on the development of the flow 
eCluation which was used for the analysis of the stress-strain curve beyond 
the yield point is found in Chapter 3. 
The BauschingerEffect -- Annealed metals usually yield identical stress-
strain curves when initially loaded in tension or compression up through the 
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-moderate strain region. J. Bauschinger (1) discovered in 1881 that this 
symmetry of results was destroyed by plastic deformation in cases involving 
,reloading. If, for example, a specimen of an annealed metal is deformed 
plastically in tension and unloaded, the yield stress resulting from subse-
~uent loads applied in the original direction of loading is e~ual to the 
stress at the particular time of unloading; the reloading yield stress may be 
greater than the original yield stress if the material exhibits strain harden-
ing 'properties and has been strained into the strain hardening region. However, 
if the direction of reloading is reversed, the material will flow anelastically 
upon reloading at a lower stress than for the original loading. This strain 
weakening effect causing the asymmetry of the stress-strain curve is called 
the Bauschinger effect. 
One of the first explanations for the Bauschinger effect was proposed 
by Masing (30). He pointed out that the individual grains within a poly-
crystalline material deform differently during plastic flow because of the 
differences in orientation and anisotropy of the crystals. As a result the 
stresses resulting from the applied loads are different in the adjacent 
crystals because of the differences in the degree of work hardening in each 
grain. When the external loads are released, those grains in which the 
stresses are highest have a tendency to undergo the highest elastic contrac-
tion. However, the material is not able to contract to a point where the 
stresses are entirely relieved because of the randG>m orientation of grains 
and differing amounts of deformation. In general the grains which have been 
stressed highest in tension will have a residual tensile stress, and those 
grains which have been stressed to a lesser degree in tension may have a 
residual compressive stress; the actual stress system is one which results in 
e~uilibrium of the mass under its internal stress system. 
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In 1953 Cottrell (8) suggested a model based on dislocation theory 
concepts that better explains the Bauschinger effect and mechanical hysteresis 
in polycrystals. In its simplest form it may be pictured as follows for a 
body of polycrystalline material. If o-i is e~ual to the critical shear stress 
below which the dislocations are not mobile, and if 0- is the stress caused by 
the externally applied loads, then the difference between the two stresses, 
(0- - 0-1 ), is the effective shear stress which drives the dislocations and 
causes plastic deformation in the crystal. In ,the simplest sense, themagni-
tude of the effective stress (0" - O"j,) determines the amount of slip; other 
factors obviously affect the slip and these are discussed later. If the 
linear dimension of the slip band is L, the total slip displacement along 
the band is of the order L(O" - O"i)/G, (where G is the shear modulus of "tine 
material), and if the-"proportion of the behavior of this one slip band is 'Y 
compared to the over-all behavior of the specimen, then the strain produced 
by slip on this one band can be expressed as 1(0" - O".)/G, where 1 < < 1. 
l 
The stress CT. takes account of the various obstacles, such as foreign atoms 
l 
and precipitate particles, that a dislocation line has to overcome before 
gliding along its slip plane. In another sense 0". can be regarded as a fric-
l 
tional resistance the dislocation must overcome to initiate movement. Now 
suppose for example that the applied stress is increased from zero to a value 
of 0- in tension in which 0" exceeds 0". for a few slip bands. At first the 
l 
deformation of the specimen is purely elastic, and. when the stress reaches 0". 
l 
dislocations begin to move, and pile up at the grain boundaries or some 
other major barrier such as a flaw. The mutual repulsion of the dislocations 
at the barrier produces a "back" stress O"d where 
(1.8) 
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As the applied stress ~ is increased, additional dislocations pileup at the 
barrier, and more dislocations must be generated to accommodate the plastic 
deformation, until such time as the deformation stops because of attainment 
of a critical "back" stress, or exhaustion of dislocations. At that time, or 
even before that time, another slip system usually is generated if the stress 
is being continually increased. 
Upon unloading no major plastic flow (some microstrain could be 
expected) occurs until the applied stress is reduced by 2~., so that the un-
l 
loading curve is essentially linear in the beginning. When the applied stress 
is reduced below the value (~ - 2~.), where ~ is the maximum stress at 
max l max 
the time of beginning of unloading, dislocations begin to move backwards 
towards the point of origin, and a reverse plastic flow begins. Examples of 
this mechanism are shown in Fig. 1-1. 
For initial loading in tension, when ~ is greater than 2~" (Case A, 
max l 
Fig. 1-1), the stress (~ -2~.) at which the reverse plastic deformation 
max l 
occurs is positive so that the reversed plastic flow begins before the speci-
men has been fully unloaded. Mechanical hysteresis may be observed before 
the specimen is fully unloaded. On the other hand, when ~ is less than 
max 
2~. (Case B, Fig. 1-1), the specimen unloads elastically to zero applied 
l 
stress without undergoing general plastic flow 0 If the applied stress is now 
increased in the reverse direction (compression), the elastic limit at which 
flow begins in this direction is equal to (2~. - ~ ) which is numerically 
l max 
smaller than the original elastic limit, ~.. This is the simplest model 
l 
representation of the Bauschinger effect. 
The models which have been postulated generally involve the existence 
of a residual stress system created by the plastic deformation in the 
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first-half cycle of loading. The residual stresses have been observed and 
estimated by Patterson (22) and Newton (21). Newton (21) has made estimates 
by X-Ray diffraction techniques of these residual stresses on the surface of 
alpha-brass specimens which were deformed plastically to + 0.01 in./in. 
strain. The maximum residual stress observed was of the order of 10 ksi. In 
some steel materials such as rolled beams, investigators have reported 
residual strains of yield magnitude, as measured by relaxation techniques, 
before any type of loading is appliedj the residual strains in this case must 
arise from the manufacturing processes involved in roll,ing and straightening. 
Similar comments could be made about steel plates. 
Cottrell's model suggests that the Bauschinger effect is a function of 
(J" and thus a function of the prestrain. The dependence of· the flow curve 
max' 
in the reverse direction on initial prestrain for mild steel has been studied 
by Macrae (18). Druyveteyn and Etienne (10), Schwartzbart eta al (28), 
Patterson (22), and Woolley (32) have made similar observations on copper 
specimens, and Liu and Sachs (15) on aluminum. In addition Liu and Sachs (15) 
have observed that the initial sense of stressing can dictate the degree of 
strain weakening for the aluminum alloy 24sT. They have shown that a com~ 
pressive prestrain will result in a larger Bauschinger effect than for a 
comparable tensile prestrain. Also, they found that the effect of the 
previous deformation history and the initial sense of stressing controlled 
the ductility of the aluminum alloy when stressed to fracture after one cycle 
of loading. 
Sachs and Shoji (27) were among the first investigators to observe the 
Bauschinger effect in single crystals of iron. They have reported that iron 
single crystals showed the Bauschinger effect to the same degree as poly-
crystals. Polakowski (24) has made similar observations. Woolley (32) 
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studied the effects of grain size on the Bauschinger effect for specimens of 
polycrystalline copper with grain sizes ranging from 2 grains/mm2 to 147 
. / 2 gralns mm . The results of the investigation showed that there was no rela-
tion between the magnitude of the Bauschinger effect and the grain size. The 
results of this latter investigation together with the results from the 
single crystal investigations lead one to the conclusion that the Bauschinger 
effect involves both an intragranular and intergranular phenomena) and may 
be predominately intragranular although there is no proof of this. 
The effect of temperature on the Bauschinger effect has been considered 
by Druyveteyn and Etienne (10)) Corten and Elsesser (6), Elsesser eto al (11)) 
and Woolley (32). Druyveteyn and Etienne (10) performed tests on annealed 
specimens of copper wires in the temperature range of -190 to 20 degrees 
Centigrade. They o'bserved that a mechanism change in the Bauschinger effect 
occurs between -40 and 20 degrees Centigrade which nullified the dependence 
of the Bauschinger effect on the amount. of prestrain. However) the Bauschinger 
effect was observed for all of the testing temperatures investigated. 
Elsesser et. al (11) considered the problem of removing the Bauschinger 
effect by a slightly elevated heat treatment and by aging. They found that a 
slightly elevated heat treatment (180 to 450 degrees Fahrenheit) following 
prestrain in one direction removed the Bauschinger effect for the mild and 
rail steel tested.. Other specimens were aged in the stress free state and 
under load, and it was discovered that aging treatment can remove the 
Bauschinger effect in both cases. 
In summary, from the stand point of the major interest in this investi= 
gatioD, the results of past investigations suggest that the Bauschinger effect 
is dependent on prestrain, temperature) and aging. The Bauschinger effect 
probably is affected by many other factors as well. 
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1.4. Notation 
A. cross-sectional area of the specimen at time t .. 
l l 
A original cross-sectiona4 area of the specimen. 
o 
e the base of the Naperian logarithms. 
E Young's modulus of elasticity. 
G shear modulus . 
k Boltzman's constant. 
£ gage length of the strain gage. 
L linear dimension of the slip band. 
m strain hardening exponent. 
N "the critical number of dislocations" reCluired for the initiation of 
plastic flow at a stress eClual to 0". 
P. load on the specimen at time t .. 
l l 
R universal gas constant. 
T temperature in degrees Kelvin. 
t time measured in seconds. 
t the time interval from E eClual to zero to E eClual to E 
max max 
t the time interval from E equal to zero to E eClual to E . 
Y Y 
tl defines the time when a critical number of dislocations is attained. 
U the activation energy reCluired for the release of a dislocation from 
its "atmosphere," 
~ time-temperature parameter. 
"I constant defining the extent that one slip band has in determining 
the total slip displacement of the specimen. 
E engineering definition of strain (E = 8t/t). 
E. 
J 
E 
max 
E 
P 
true strain in the third-Cluarter cycle of loading ( I E j I < I Ep I ) . 
the maximum true strain in the first-Cluarter cycle of loading. 
permanent pla,stic true strain caused by the first-half cycle of loading 
(true strain at the onset of loading in the second-half cycle). 
E 
CT. 
l 
CT. 
J 
CT 
max 
CT 
o 
(J" 
oy 
(J" 
uy 
(J" 
y 
(J" yr 
true or natural strain (Et 
strain rate (E = ~~). 
applied stress. 
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log [1 + E]). 
e 
th 
"back stress) II the mutual repulsion between the i---- dislocation and 
the (i+l) dislocation. 
the frictional resistance which the dislocation line must overcome 
to initiate movement. 
the stress in the third-quarter cycle at a strain equal to E .. 
J 
the maximum stress in the first-quarter cycle of loading. 
the stress ordinate at the intersection of the stress axis and the 
stress-strain curve in the third-quarter cycle of loading. 
the yield stress at zero degrees Kelvin. 
the upper yield stress. 
the yield stress. 
the yield stress in the third-quarter cycle of loading determined by 
a specified tangent offset. 
stress rate. 
the stress rate in the first-quarter cycle of loading. 
the stress rate in the third-quarter cycle of loading. 
constants appearing in 
the equations of the text. 
CHAPTER 2. ,EXPERIlYJENTAL TECHNIQUES AND THE MATERIAL PROPERTIES 
2.1. Description of Test Specimen 
The steel material investigated in this study is a fully-killed A-7 
steel (3/4 in. thick plate--CE Structural Laboratory plate designation A-2)) 
Bethlehem Heat 57T240. The chemical analysis and the standard mechanical 
properties are presented in Table 2-1. These mechanical properties were 
derived from testing 0.505 in. (gage length approximately 1-1/2 in. and 
denoted as Type A specimen) and 0.357 in. (gage length approximately 3/4 in. 
and denoted as Type B specimen) diameter specimens at a stress rate of approxi-
mately 350 pSi/sec; detailed sketches of the specimens are shown as Fig. 2-1. 
Specimens with two orientations were tested to check on the isotropy of the 
steel plate from which the test specimens were machined. One group of test 
specimens were machined with the axis of the specimen in the direction of 
rolling) and the other with the axis perpendicular to the direction of rolling 
of the plate. The results presented in Table 2-1 indicate that the plate 
possessed nearly uniform properties in both directions. Photo-micrographs 
of the virgin material in two directions are shown in Fig. 2-2 and 2-3. The 
grain structure was noted to be uniform through the thickness of the plate 
but some banding is evident. The grain size of the plate material corre-
sponds to the ASTM designation No.6. 
In an effort to prevent metallurgical changes in the material resulting 
from excessive heat) the specimen was kept cool at all times in the process 
of machining and polishing. The surface of the gage length of the specimen 
was polished with a number 00 emory cloth. A profileometer (Type PAC) 
Serial No. 511) Physicists Research Company) was employed to measure the 
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surface roughness of the specimen after polishing. The surface roughness 
(maximum amplitude) over the gage length of the specimen was 15 micro-in. 
(root mean square). 
2.2. Instrumentation 
Two Baldwin type HE-141-B foil strain gages were placed on diametrically 
opposite sides of each specimen. The time history of both strain gages and 
the load dynamometer were recorde:d by a Dumont Oscillograph-Record (Type 32M) 
high speed camera attached to,a Tektronix (Type 512) Cathode-Ray oscilloscope. 
The oscilloscope is capable of recording responses up to 1000 kc which was 
more than adequate for recording the load-time and strain-time functions for 
the loading rates utilized in this investigation. 
The load on the specimen was measured witn a dynamometer which was 
located below the specimen. The dynamometer bridge consistep. of four gages, 
two mounted parallel and two mounted perpendicular to the axis of the speci-
men. The similar arms on the bridge were placed on diametrically opposite 
sides of the dynamometer. The dynamometer was calibrated on a 120,000-lb. 
Baldwin hydraulic machine by measuring the strain output of the four arm 
bridge at various load levels. The dynamometer was calibrated at a rate 
corresponding to approximately 350 pSi/sec in the specimen. It was assumed 
that the calibration performed at this stress rate was applicable for the 
other rates employed. The schematic circuit diagram for the dynamometer and 
the calibration shunt resistors are shown in Fig. 2-4. 
The circuit diagram of the strain bridge is shown in Fig. 2-5. An 
array of shunt and series resistors were employed to assimilate strain in 
the active arm of the bridge which was located on the gage section of the 
specimen. The shunt and series resistors were used for calibration purposes 
prior to each test. 
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Because of the large strains involved and the reversed loading, all of 
the strain values are reported as natural or true strain. The engineering 
strain, E, provided by the strain gage was converted to true strain, Et' by 
the following relationship: 
log (1 + E) 
e 
The temperature of testing was determined with a copper-constantan 
(2.1) 
thermocouple attached to the gage section of the specimen. For the low temp-
erature tests, -100 and -20 degrees Fahrenheit, the specimen was cooled with 
a mixture of dry ice and alcohol. The elevated temperature tests, 160 and 
250 degrees Fahrenheit, were carried out in a bath of transformer oil which 
was brought up to testing temperature with electrical resistance heaters. 
The temperatures reported herein are believed correct to within + 1 degree 
Fahrenheit. 
The load-time and strain-time functions for each of the tests were 
recorded on 35 mm film by a Dumont Oscillograph-Record camera. The test 
records were projected op a screen and the strain and load values at dif-
ferent time intervals were read and recordedo This procedure of test data 
reduction introduced errors in the stress values reported of the order + 1 ksi 
and errors in the strain values of the order ~ 000005 in./in. At the highest 
rate of stress, the inertial effects introduced errors of the order of + 4 ksi 
in the stress values at a strain of 0.04 inc/in. The estimate of the error 
in the stress values was made by using a procedure proposed by Hollomon and 
Zener (13). Therefore, for a stress rate e~ual to 107 pSi/sec, the stress 
values reported are believed to be correct to within + 4 ksi and for all 
other stress rates used herein the stress values are believed to be correct 
within + 1 ksi. 
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2.3. Rapid Loading Machine Characteristics 
The rapid loading device used in this investi.gation was initially 
designed by Dr. J .. M. Massard (20). It was modified such that three-quarters 
of a full cycle rapid load could be applied to a specimen in approximately 
50 milliseconds. The maximum loading rate of thi.s pneumatic device is 20 kips 
in 2 milliseconds) which corresponds to approximately 5 x 107 pSi/sec stress~ 
ing rate for the Type A specimen) and 1 x 108 pSi/sec for the Type B specimen. 
A schematic diagram of the rapid loading device at the various stages 
of loading and unloading is shown in Fig. 2-6. The valves for admitting 
pressure into the internal chambers and releasing the pressure from the ex-
ternal chamber were controlled by solenoid type transformers. A photograph 
of the rapid loading device is shown in Fig. 2-7. 
Typical stress-time and strain-time curves are shown as Fig. 2-8) 2-9, 
and 2-10. The stress-time and strain-time curves in Fig. 2...,8 for three-
quarters of a full cycle of loading are typical for all of the stress rates 
employed in this investigation which were less than 107 pSi/sec. Inspeotion 
of Fig. 2-8 will show that the stress rate in the first- and third-quarter 
cycle of loading is linear up to the maximum load in each cycle. However, 
Fig. 2~9 shows that the linearity of the stress-time diagram no longer exi.sts 
at the 107 pSi/sec stress rate from the initiation of yielding to the maximum 
stress in the first-quarter cycle of loading. The oscillations, which were 
actuated after yielding had commenced) were the result of the rapid nature 
of the application of loading) and were not controllable. For this reason 
the post yield stress) strain) time) and temperature relations were correlated 
in terms of strain rate, which appeared to be easily approximated ·with straight 
line segments. The load oscillations which occurred in the first-quarter cycle 
of loading did not appear in the third-quarter cycle of loading (see Fig. 2-10). 
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For all of the stress rates employed in this investigation, it was 
found that the strain-time diagram for the first-quarter cycle of loading 
could be approximated with three straight lines; the first straight line 
representing the strain-time diagram from zero strain to yield, the second 
from the yield point to onset of strain hardening, and the third from onset 
of strain hardening to the maximum strain. These three stages may be identi-
fied readily from the strain traces in the figures. 
CHAPTER 3. FLOW RELATIONSHIPS FOR THE FIRST-QUARTER CYCLE 
3.1. Introductory Remarks 
In designing structures to resist slowly and rapidly applied loads, 
especially when inelastic deformation is permitted or counted on, 
it is.necessary to have some idea of the form of the stress-strain relation-
ship. Although many yield criteria studies have been undertaken for pre-
dictingthe onset of yielding, little work has been concerned with the 
formulation of a criteria for predicting the stress-strain behavior following 
yielding, especially under conditions of rapid loading and in the strain 
hardening region. It is necessary to have such a criterion in order to compare 
the flow behavior during the first and third-~uarter cycle of loading, which 
is the subject of Chapter 4. 
Thus the presentation in Chapter 3 consists of examining several pos-
sible forms of yield criteria for predicting the upper yield point and the 
nature of the stress-strain relationship after yielding. On the basis of 
studies of the upper yield point data (Section 3.2), one form of the activa-
tion energy function is selected for further use in defining the post yield 
flow curve in the first-~uarter cycle. The activation energy expression 
used here is only a function of stress, but the variables of time, temperature, 
and strain are contained implicitly. An approximate relationship developed 
for comparison of the data in the first and third-~uarter cycle flow curves 
is developed in Section 3.4 from a more general activation energy expression, 
but is simplified to represent only the variables of time, temperature, and 
stress or strain. Another basis of comparison involves only the stress-strain 
relationship in the strain hardening region as developed in Section 3.5. 
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3.2. The Upper Xield Point 
The 'upper ,yield point phenom.enon has been observed for iron, molybdenum, 
some alloyed aluminum single crystals, and some other materials. As discussed 
in Chapter 1 Cottrell (25) explains the yield point as the breaking away of 
dislocations f;rom the short range forces of the surrounding "atmosphere" of 
impurity atoms. Based on this supposition, Cottrell and Bilby (9) have sug-
gested that the mean time re~uired for a dislocation to break free is 
proportional to the factor exp ~U(:/;OY)J. It follows from this supposition 
that the rate equation for the issuance of dislocations can be expressed as 
aN 
dt [
rate of issuancel 
of dislocations J 
where Cl is a constant of proportionality;- and R is the universal gas constant. 
Then it follows that at time t the total number of dislocations issued is 
expressed by E~. (1.2). Now if the assumption is made that the rate -of 
issuance of disloca~ions is a constant for a particular value of CI, then N, 
the total number of 'dislocations at time t can be expressed as 
N = Cl t exp [- ~TJ 
Since the expression for time t is inversely proportional to the strain rate 
for a constant strain rate test and also i~versely proportional to the stress 
rate for a constant stress rate test, E~. (3.2) may be expressed as 
N 
C2 exp [- R~J 
dE 
dt 
in terms of strain rate, or 
N 
C3 exp [- ~TJ 
dCI 
dt 
in terms of stress rate. 
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Taking the natural logarithm of both sides of E~. (3.4) and solving 
for the unknown activation energy function yields 
u 
In this investigation the solution for the activation energy was made by a 
trial and error graphical techni~ue uSing Eg. (3.5). In the expression Ris 
the universal gas constant which is a known entity (e~ual to 1.987 calories 
per degree Kelvin per mole). The testing temperatureT was measured with 
thermocouples attached to the gage section of each specimen. The stress 
dCJ 
rate dt was determined by measuring the slope of the stress-time trace as 
recorded by the high speed camera. The unknown terms in the expression are C3, 
a constant, U, the activation energy, a function of stress, and N, the critical 
number of dislocations which is also a function of stress. However, for a 
particular value of the upper yield stress, CJ , it is assumed that N is a 
uy 
uni~ue value or constant, i.e., a uni~ue number of dislocations must be 
issued for the initiation of plastic flow (Campbell's theory). Thus, com-
bining C3 and N as one constant for a particular value of stress, 
loge [c3J- loge [N(~Uy)J = loge [K(~uy)J 
whereK is a constant for a.particular value of CJ 
uy 
be rewritten in the form 
[ ] 
U(CJ ) 
loge _~~ + R ~y 
where for simplicity we shall let 
K(CJ , C3, N) = K uy 
E~uation (3.5) now can 
E~uation (3.7) can be interpreted as an e~uation of a straight line if 
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lOge(~:) is chosen as the x-axis and ~ is chosen as the y-axis. Then the 
slope of the straight line is equal to U and the y-intercept is equal to 
log (K). For convenience in the solution for the activation energy" the 
e 
base 10 for the logarithm was adopted. Thus" Eq. (3.7) becomes 
[ d~J loglO [e] loglO _ d t + U ( ~ uy ) RT = loglO [K] 
For determining the values ofU and K experimentally" a series of tests 
were made involving stress rates ranging from 10 pSi/sec to 108 pSi/sec" and 
five testing temperatures of -100" -20" 75" 160, and 250 degrees Fahrenheit 
(first phase of experimental aspects of investigation). The plot of the 
experimental data showing the dependence of the upper yield stress on the 
stress rate and testing temperature is given in Fig. 3-1. Most of the data 
presented is for initial loading in tension, but a few points for initial 
loading in compression are shown" and are noted to fall in line with the 
tensile data. Smooth curves were passed through the experimental data con-
necting the data points from the specimens which had been tested at the same 
temperature. 
A second plot was made from the information presented in Fig. 3-1 as 
follows. For an upper yield stress value of say 40 ksi" the intersection of 
the horizontal 40 ksi line and the five smooth curves for the five testing 
d~ 1000 . 
temperatures were recorded and plotted on a loglO(dt) versus RT dlagram 
similar to the one shown as Fig. 3-2. In Fig. 3-1 the five intersection 
points of the horizontal constant stress.line and the smooth curves for the 
five testing temperatures represent the stress rates the specimen had to be 
subjected to in order to initiate yielding in the specimen at 40 ksi when 
stressed at -100,' -20, 75, 160" and 250 degrees Fahrenheit. 
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A straight line was passed through the five points for the five testing 
temperatures in Fig. 3-2 and the slope of the straight line and the y-intercept 
was noted and recorded. If the five stress rates did not fall ona reasonable 
facsimile of a straight line, then other smooth curves were passed through the 
experimental data connecting the points from the specimens which had been 
tested at the same temperature (referring to Fig. 3-1), and the procedure was 
followed until a straight line was obtained. This trial and error graphical 
technique was used to determine the activation energy for 40, 45, 50, 55, 60, 
dCJ) 1000 70, and 80 ksi stress values. They-intercept of the loglO(dt versus m-
diagram represents loglO(K) and the slope of the straight lines represents 
U (O-uy) [loglO (e)] 10 -3 for the particular upper yield stress values. 
The stress dependence of the activation energy which is proportional 
(dCJ) 1000. to the slope of the loglO dt versus m- dlagram for a particular value of 
the upper yield stress is shown in Fig. ·3-3. The activation energy versus the 
upper yield stress diagram.indicates that a smaller quantity of energy is 
required to release a dislocation at high stresses and a greater quantity of 
energy is required at low stress values. An inspection of Fig. 3-2 will reveal 
dCJ 1000 that the y-intercept at infinite temperature of the loglO(dt) versus m-
diagram is equal for all upper yield stress values studied. Actually the 
intersection was forced to convergence by the trial and error procedure as 
noted earlier, but even for the first approximations to the data of Fig. 3-1 
. 1000 
only very small dlvergence was noted at a value of m- equal to zero. 
Physically of course this intersection has no significance because it corre-
sponds to an infinite temperature. The unique value of loglO(K) implies that 
K is not a function of stress, and therefore, from Eq. (3.6) N is also not a 
function of stress which is contrary to the earlier assumption. Using the 
common intercept value from Fig. 3-2, and Eq. (3.6) gives 
or, from Eq. :(3.5) 
U( cr ) 
uy 
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log (K) 
e 
(2.30)(11.75) 27 
Several functions were tried to fit the activation energy-upper yield 
stress diagram of Fig. 3-3. By having such a function it is then possible to 
formulate an expression which is analogus to the form for a mechanical equation 
of state. Several functions were tried and are listed in the table below with 
ACTIVATION ENERGY UPPER YIELD STRESS FUNCTION 
(1) U [A - B log (<Y ) ] <Y = eX]) [~ - RT (27 - loge ~;) ] e uy uy B B 
(2) U=A [1 - / ] B cr [~ d<Y)l uy 1 - (27 - log uy e dt 
[:T (27 d<Y r/n (3 ) U = A (cr )n cr - log -) uy e dt 
uy 
the resulting equation relating the upper yield stress, temperature, and stress 
rate. In the activation energy expressions, the terms, A, B, and n are material 
constants. The activation energy, denoted as (1) in the preceding table, was 
. suggested by Yokobori (35). It is an empirical expression which fits Cottrellrs 
experimental results. The second activation energy function, denoted as (2) 
in the table, was derived by Fisher (12) from considering the energy required 
by a dislocation line to break past an obstacle. Form (3) represents an even 
simpler power expression and led to as good a fit as the use of either of the 
foregoing expressions. 
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From the experimental data it was found that representative values of A 
and n were 2.6 x 109 and -1.17 respectively. With these values the activation 
energy-stress function becomes 
and the upper yield stress function becomes 
[ 
RT d J-O• 85 cr = .. (27 - log --2:): 
uy 2.6 x 109 e dt 
In E~. (3.10) the units for the upper yield stress and the activation energy 
are psi and calories per mole respectively; in Eq. (3.11) the units for the 
stress rate and temperature are psi per second and degrees Kelvin respectively. 
The experimentally determined dependence of the activation energy on 
the upper yield stress is shown in Fig. 3-3. Also in Fig. 3-3 is shown the 
activation energy function, labeled as (3) in the preceding table, which was 
finally adopted. From Eq. (3.11), the upper yield stress could be predicted 
for any combination of stress rate and temperature within the limits investi-
gated for this steel. 
3·3· The Post Yield Flow Curve 
For mild steel specimens which are tested in a straining machine, a 
condition of instability arises just after the upper yield point is attained. 
Young's modulus in this range is negative for a small increment of strain 
past the upper yield point and approaches zero in the lower yield region as 
Luders bands are propagated in the specimen. 
The lower yield range is never realized in the stress-strain curve 
derived from a true loading machine, because the lower yield requires a de-
crease of load for an increase in strain. If the loading rate is held 
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constant, the material will enter the strain .hardening range after passing 
the upper yield point; under such conditions, during yielding, the strain 
rate will be very high. The testing machine used in this investigation was 
not a true loading machine in the strictest sense because small changes in 
volume arising from yielding were observed to produce either a s.light change 
in load or an oscillatory loading arising from shock wave propagation in the 
chamber. The lower yield strain range for the material under investigation 
was from onset of yielding to approximately 0.015 in./in. strain, irrespective 
of the strain rate employed. 
In the same manner as discussed in Section 3.2, Campbell's critical 
number of dislocations criteria for yielding was adopted for analyzing the 
strain hardening range of the stress-strain curve. The flow criteria was 
checked for two strain values, 0.02 and 0.04 in./in., and for the range of 
stress rates and temperatures previously mentioned. As will be noted later 
another method of analysis was used for a strain·valueof 0.06 in./in; the 
present method could not be employed for this strain value because of a lack 
of sufficient data. 
At the lower temperatures, -100 and -20 degrees Fahrenheit, the bath of 
alcohol and dry ice used in cooling the specimen attacked the epoxy strain 
gage cement and the gages failed to report strain beyond the yield point in 
most tests. However, a limited amount of information on the stress-strain 
behavior beyond the yield point was obtained at the low temperatures. 
The postulated mechanism for initiating plastic flow and for the con-
tinuation of plastic flow must be slightly different. If the following 
argument is adopted for explaining the flow phenomena beyond the yield point, 
then a form of the flow criteria proposed for the upper yield point may be 
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used for analyzing the post yield flow curve. As the stress in the material 
is increased from zero, dislocations are issued at a rate defined by Eq. (301). 
When the critical value of Nis reached, yielding commences. As the material 
is strained further, more dislocations must be issued to accommodate the 
plastic deformation. However, as more dislocations are issued, the inter-
action of the dislocation.lineswith one another and with other obstacles 
depletes the supply of free and mobile dislocations. The net amount of free 
and mobile dislocations may be expressed most simply as 
{[rate of iSSUing.] _ [rate of interactionJ} dislocations of dislocations 
I 
If this form of a rate equation is adopted, then the method of analysis for 
the upper yield point can be used for studying the stress-strain curve beyond 
the yield point. 
The same trial and error graphical technique used to evaluate the 
activation energy versus upper yield stress function in Section 3.2 was used 
to evaluate the activation energy-stress function at strain values of 0.02 and 
0.04 in./in. The experimentally measured values of stress, strain rate, and 
temperature are pre sented in Table 3-2. The' experimental data of Table 3-2 
are presented graphically as Fig. 3-4 and 3'-7. 
In the analysis of the stress-strain curve in the strain hardening 
range, the strain rate was used to represent the time parameter; one reason 
for selecting strain rate as the parameter was that the stress-time diagram 
was highly irregular in that post yield region of the stress-strain curve at 
the highest stress rate (see Fig. 2-9). The strain-time diagram was approxi-
mately linear for all stress rates. In the development of the flow relation-
ships, it was assumed that the stress or strain rate was held constant from 
zero to maximum value in the first-quarter cycle. Therefore, the following 
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approximation is implied when using :theflow equation derived previously. 
If the strain-t'ime diagram is approximated by two straight lines, one straight 
line representing .the strain-time diagram from zero s.train to E ( E is equal y y 
to the strain at yield), and the other representing the range from E to E y max 
(E is equal to the maximum strain in the first-quarter cycle), then the 
max 
area under the strain-time diagram is 
/j 
.~~ I 
Emax ---------------~--r_ ---
E 
Y 
E(t) 
__ ~~ __ ---------------------------b----------------~b-----~-t t 
Y 
IDEALIZED STRESS~ AND STRAIN-TIME DIAGRAMS 
t 
max J E(t) dt 
o 
t 
max 
+J 
t 
Y 
t 
max 
wheret is equal to the time requited to develop E ,and t is. the time 
m~ m~ y 
required to develop Ey ' The terms, El and E2 , are defined in the above figure. 
By using the flow equations which 'were developed previously, we assume that 
t 
max 
JE(t) dt 
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or) 
o 
Physically) these assumptions imply that the previous deformation history) 
from zero time to t ) will have a small effect on the stress-strain behavior y 
for the range from E to E As will be noted subsequently) the results of . y max 
the analysis of the post yield flow curve indicate that this approximation 
permits a reasonable representation of the experimental data. 
The final results of the trial and error graphical technique used to 
determine the activation energy-stress functions are shown in Fig. 3-4) 3-5, 
3-6, 3-7, 3-8, and 3-9· n ~ /dE\ Figures 3-5 and 3-0 represent the ~oglO\dt) versus 
1000 . / ~ dlagrams finally chosen for s.train values of 0.02 and 0.04 in.y in. The 
latter diagrams are similar in form to that for upper yield stress (Fig. 3-2) 
and the observations made in connection with Fig. 3-2 for the upper yield 
stress are equally applicable to Fig. 3-5 and 31~8. 
The activation energy-stress diagrams are shown as Fig. 3-6 and 3-9 for 
stra;i.n values of 0.02 and 0.04 in./in. respectively. The shapes of the curves 
are similar to that for upper yield stress (Fig. 3-3) and the power function, 
labeled as (3) in the previous table, was used again to approximate the 
experimentally determined activation energy functions'. The constants for the 
activation energy expression 
found for the first-quarter cycle of loading are summarized below. 
A comparison of Fig. 3-1, 3-4, and 3-7 will show that there is a strain 
rate sensitivity in the strain hardening region as well as at the initial yield 
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STRAIN CONSTANT ·"A" CONSTANT "n" 
Upper Yield Point 2.6 x 109 -1.17 
0.02 in./in. 9.8 x 109 -1.29 
0.04 in./in. 1.1 x lO13 ..,1·92 
level. However, the sensitivity is seen to decrease rapidly with an increase 
in strain, particularly in the high strain r~te region. This is an interesting 
ob-servation because some recent investigators have indicated little s.train rate 
sensitivity in the strain hardening region, while others such as Work and 
Dolan (33) and Manjoine (19) have shown previously that there does exist some 
degree of strain rate sensitivity in that region. 
It should be appreciated that the aetivation energy functiol1 ,as expressed 
in the table just noted does include inherently this strain rate sensitivity 
in that the activation energy at a given strain value would be a function of 
the applied stress, which can be higher for higher strain rates. 
The results of the analysis indicate that the form of the rate equation 
adopted can be applied in the analysis of the stress-strain curve beyond the 
yield point within the strain range considered. In the form noted, the acti-
vation energy function contains only stress as a variable. It should be 
possible with considerable fUrther effort to generalize the activation energy 
function to include strain and strain rate as variables. To do this would 
require much additional testing and was not considered to be within the desired 
objectives of this study. At this stage of our knowledge, it appears almost 
certain that the activation energy function would be applicable to other steel 
materials only if the upper yield stress were brought in as a variable too. 
Because :there is an area of application here, this area is deserving of further 
study. 
3 c 4. Time -.Tempera ture Parameter 
Since the stress rate and the inverse of temperature has the same 
general type of effect on the upper yield point, the possibility of incorpora-
ting time and temperature.into one parameter was investigated. If this 
combination of two variables were successful, then the analysis of the stress, 
strain, time, and temperature ,parameters would be simplified because of the 
reduction of the number of variables. The hyper-surfaces reCluired to defi,ne 
the four parameters, stress, strain, time, and temperature, would be simplified 
to one space curve (a surface) with the three variables, stress, strain and. 
time-timperature. 
From ECl. (3.5), the variables may be separated into the following form 
The terms appearing on the left hand. g,ide are purely stress dependent or 
constanta The activation energy, U, is a function of stress and the critical 
number of dislocations, N,.is taken, to be constant as noted earlier. Note, 
however, that an additional factor of temperature appears on the left-hand 
side of the eCluation, therefore, the left-hand side is not strictly speaking 
only stress dependent 0 If it is assumed that the second term, RT[log (N)], 
e 
does not have a large influence on the sum, [U + RT log (N)], and that the sum 
e 
can be treated as a function of stress only,one can let t3 be a function of 
stress defined as follows: 
Reference to actual numerical values will show the last term of ECl. (3.16) to 
be small compared to U. 
From Eq. (3.15) and (3016) 
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The time-temperature parameter defined by Eq. (3017) was fitted, with the 
experimental data by varying C
3
' and by expressing the stress rate as a strain 
rate by dividing by E. 
The applicability of the time-temperature parameter was first tried with 
the data for the upper yield stress as shown in Fig. 3-110 The constant, 
10glO(C3), finally chosen was equal to 10. Several other random choices were 
tried to determine if the scatter of the test data could be reduced with the 
proper choice of 10glO(C
3
). The only restriction. placed on the constant was 
that it combined the time and temperature parameters such that a smooth curve 
would result from the data for the range of stress rate and temperatures 
investigated. The final choice of the constant, 10glO(C3 ) equal to 10, gave 
the smallest scatter of the experimental data. The figure indicates that the 
time-temperature parameter can be made to approximately fit the data, but errs 
most in the low temperature or hi.gh strain rate region. An expression for 
stress approximately fitting the data is shown in Fig. 3-11. 
Figures 3-12, 3-13, and 3-14 represent the t.ime-temperature parameter 
versus the stress diagrams for stress.values corresponding to strain values 
of 0.02, 0.04, and 0.06 ·ina/ina The smaller scatter in the diagrams indicates 
that the time-temperature parameter may be adequate for showing the relation 
between stress, strain, strain rate, and temperature derived from the 
experimental data 0 Again the choice of the constant for the three strain 
values investigated was equal to 100 This fact suggests that this unique 
value of 10glO(C
3
) may be a material constant. The shape of the time-
temperature versus stress diagrams was comparable to the activation energy 
versus stress diagram of Fig. 3-10. This further confirms the assumption made 
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in the development of the time-temperature parameter; that is the term' 
(RI1 logN) does not significantly influence the sum (U + RT logN). An 
e e 
example of a possible stress expression to represent such data is given in 
Fig. 3-14. In Fig. 3-12 and 3-13 mean curves are shown without an attempt 
to obtain an analytical expression. Functions which were suggested for re-
lating activation energy to stress were used to relate stress and the time-
temperature parameter. On the basis of the previous discussion and Fig. 3-12, 
3-13, and 3-14, it appears that the time and temperature variables can be 
successfullY-incorporated into one parameter. This recom..mendation appears to 
I 
be especially valid beyond the yield point, but is not too much in error at 
the upper yield stress. The same comments made at the end of Section 3.3 
apply here in that by studying the change over a wide strain range one could 
conceivably express the activation energy function, or the str'essparameter, 
as a function of strain and upper yield stress. 
Zener and Hollomon (36) have pointed out that there exists a super-
ficial relationship between the effects of temperature and the rate of strain. 
They derived a relation of the form 
~ = f(E exp [qjRT]) 
E 
In the expression ~ is the stress corresponding to a strain of E, E is the 
E 
rate of strain, q is a material constant, Ris the universal gas constant, 
and T is the temperature, The expression was developed to be applicable to 
constant strain rate test data. Zener and Hollomon (36) suggest using -the 
above expression and low testing temperatures to obtain equivalent high rate 
of strain test data because of the difficulty involved in recording the stress 
and strain values for high strain rate tests. 'When the loglO (0-E) is plotted 
against the loglO [E exp(gjRT)], Zener and Holloman (36) have shown that there 
exists a linear relationship between the two aforementioned parameters. 
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A plot of the above parameters 'NES made to evaluate the high rate of 
strain test data reported hereino 
on E [exp(qjRT)] was not evident. 
However, the logarithmic dependence of ~ 
E 
A similar conclusion ~ms derived in the 
investigation by Work and Dolan (33). The logarithmic dependence of cr on 
. E 
E [exp(qjRT)] observed and reported by Zener and Hollomon (36) seemed to be 
valid for only low rates of strain. When a specimen is tested at the two 
extremes of the spectrum, at very high rates of strain and at very low rates 
of strain, the specimen undergoes strain at two thermodynamic states, When 
the metal is subjected to a very slow rate of strain, the material undergoes 
deformation in an isothermal state. That is to say, the material undergoes 
deformation at a constant temperature and it is possible for the metal to 
give off the heat of deformation to its environment because of the slow rate 
of loading, On the other hand, at a high rate of strain, the material under-
goes strain in an adiabatic stateo Since the rate of deformation is great, 
the material does not have sufficient time to give off its heat of deformation 
to its environment 0 Since the material undergoes deformation under different 
thermodynamic conditions, it is not too surprising to find out that the flow 
mechanism for slow rates is different from the flow. mechanism for fast rates, 
There are many investigations currently underway devoted to studies of 
thermodynamic effects on material behavior. 
3,50 Exponential Relation Between Stress and Strain 
Another basis for predicting and comparing the first and third-quarter 
cycle flow curves can be made by using a direct stress-strain comparison. 
Ludwik (17) first observed the power law between stress and strain. Lubahn (16) 
recently formulated the power law in the following form 0 
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ECluation (3.19) states that stress and strain are related in a power law. 
The material constants A and mare dependent on the rate of strain, E, and 
the testing temperature, T. The expression is valid provided the strain 
rate and the testing temperature is maintained constant throughout the test, 
and, moreover is usually considered to be valid only in the strain hardening 
region. Lubabn- (16) also suggests .the following relationships between stJ{'ess, 
strain, strain rate, temperature, and activation energy. 
u R T [lOg (p) - log (oE)] 
e e E 
- 0 
In EClo (3.19), (3.20), and (3021), A, m, B, n, P, and E are constants. Each 
o 
of the constants in general is a function of the paramete,rs of the eCluation in 
which it appears but is not a function of the variables in the same eCluation. 
Note that ECl. (3.21) is in the same form as ECl. (3.17). The activation energy 
function suggested by Lubahn will be eClual to the ~ function of ECl. (3016) if 
the term [R T log (N)] in EClo (3015) is taken to be eClual to zero. 
e 
The applicability of the power law to relate stress and strain for a 
constant stress rate test was first checked for a stress rate eClual to 
350 pSi/sec, a relatively slow value. Figure 3-15 summarizes the true stress-
true strain diagram at room temperature for six specimens which ·were tested 
to fracture at a constant stress rate. By curve fitting, the power law relating 
true stress to true strain for this group of specimens was found to be 
0" (104 x 105 psi) 0028
1 
E. 0 0"=350,T=75 F 
The constants A and m are derived from the straight line chosen to represent 
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the experimental data from the six specimens tested. The average values of 
A and mare 1.45 x 105 psi and 0.292 (see Table 3-3). Equation (3.22) was 
chosen to represent the relation between stress and strain for the firs.t-
quarter cycle for specimens which were subjected to a stress rate of 350 pSi/sec 
at room temperature. This equation was used to compare the flow stress.level 
in the third-quarter cycle with the flow stress level in the first-quarter 
cycle (see Chapter 4) at comparable values of strain. 
Five specimens were tested at a constant strain rate comparable to the 
strain rate in the post yield region of the constant stress rate tests dis-
cussed above. The experimental data from the five specimens are summarized 
in Table 3-4. The results presented in Table 3-4 indicate that the data 
obtained from the constant strain rate tests are comparable to the data from 
the constant stress rate tests of Table 3-3. The comparable results imply 
that the lower strain rate prior to yielding in the constant stress rate tests 
did not appreciably affect the values of the constants A and m. In addition, 
the comparable values imply a mechanical equation of state, i.e., the preyield 
deformation rate is of small consequence to the constants A and m, and only 
the immediate value of the strain rate governs the magnitude of A and m. A 
detailed discussion about a mechanical equation of state is presented by 
Zener and. Hollomon (37). Typical stress-strain curves representing the data 
presented in Tables 3-3 and 3-4 are presented as Fig. 3-16. 
The dependence of the strain hardening exponent, m, on the s.train rate 
is shown as Fig. 3-17. The experimental results indicate that the strain 
hardening exponent decreases with an increase in strain rate. IfEq. (3.19) 
and (201) are assumed to be applicable, then it can be shown that the strain 
hardening exponent is equal to the strain at the maximum value of stress .. In 
such case, the decrease of the strain hardening exponent with an increase in 
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strain rate as shown in Fig. 3-17 is in agreement with the usual observation 
of a decrease in ductility (or energy absorption) with an increase in strain 
rate or a decrease in testing temperature. 
The increase of the constant A with an increase in the strain rate is 
shown in Fig. 3-18. The dependence of A on strain rate shows the sensitivity 
of the str-ess-strain curve to changes in the rate of deformation when expressed 
in the exponential form suggested by Ludwik (17). Figures 3-17 and 3-18 
indicate that the strain hardening exponent and the constant A are not very 
sensi.tive to changes in the rate of deformation. For a change of seven orders 
of magnitude in the strain rate, the change in.A and m is less than one order 
of magnitude. Because of this insensitive nature of the material constants A 
and m, and the large scatter of results, .it would be difficult to assign 
reasonable values for them at different strain rates. A more accurate repre-
sentation of the data is derived from either of the two previous methods 
discussed previously, namely, the activation energy derived from a form of 
Campbell r s theory and the time-temp:ereture parameter representation of the 
activation energy. 
CHAPTER 40 FLOW RELATIONSHIPS FOR THE THIRD-QUARTER CYCLE 
4,10 Introductory Remarks 
The significant feature of the flow curve in the third-~uarter cycle of 
a one-cycle test is the appearance of the strain 'weakeningphenomena which was 
first observed by J. Bauschinger (1) in 1881. The commonly accepted defini-
tion of the Bauschinger effect is the reduction in the flow stress after 
plastic deformation upon reversal of the sense of stressing. The flow stress 
upon subse~uent loading in the same direction after plastic deformation is 
e~ual to the stress at unloading and will be greater than the virgin yield 
stress provided the material has been strained into the strain hardening 
region of the stress-strain curve. However, if the sense of stressing i.8 re-
versed., the material will flow plastically before the stress in the reverse 
direction reaches the peak unloading stress in the first-~uarter cycle. This 
reduction in flow stress for initiating plastic flow in the reverse direction 
is the comm.only accepted definition of the Bauschinger effect 0 
The models which have been postulated in the literature to explain the 
Bauschinger effect have suggested that the magnitude of the plastic deforma-
tion in the first-~uarter cycle of loading would influence the magnitude of 
the strain weakening in the thi.rd-~uarter cycle of reversed loading 0 Experi-
mental evidence supporting this conjecture is found i.n the li.terature for 
specimens which 'i;lTere stressed at a slow rateo The results presented herein 
supply further evidence that the magnitude of the prestrain in the first-
~uarter cycle of the test contributes to the magnitude of strain (or flow 
stress )IiITeakening in the third-~uarter cycle. Also, the effect of rate of 
stressing on the Bauschingereffect is considered in this chapter. The 
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sensitivity of the Bauschinger effect on the rate of deformation in the 
first-Cluarter cycle of three-Cluarters cycle uneClual and eClual stress rate 
tests has been studied and is reported. Chronologically the uneClual stress 
rate tests were performed first and are therefore discussed first. Theories 
on the flow stress for monotonically and uniaxially stressed specimens which 
were developed in the first chapter and evaluated in Chapter 3 are employed 
to check if the flow mechanism for the third-Cluarter cycle is comparable from 
a shape point of view. It is shown that the shapes are similar and that with 
appropriate choices of the constants appearing in the flow eCluations, which were 
different from the constants of the first-Cluarter cycle, the flow curve of 
the third-Cluarter cycle of loading could be defined by the formulas developed 
for the first-Cluarter cycle. 
402. The UneClual Stress Rate Tests, 
~he uneClual stress rate tests involved three-Cluarters of a full cycle 
of loading with unequal stress rates in the first and third-Cluarter cycles. 
The stress rate in the third-quarter cycle was held constant and the first-
quarter stress rate was varied to study the effects of the stress rate on 
the stress-strain behavior in the third-quarter cycle. 
Krafft and Sullivan (14) have reported that the density and the texture 
of the slip bands are affected by the rate of deformation. They have shown 
'with the aid of photo-micrographs that the normal pattern of slip growth 
which occurs preferentially on planes of easy glide, is suppressed by rapd.d 
deformation. The material in this state seeks a less rate sensitive deforma-
tion pattern; a greater number of slip systems will be activated by the 
rapid nature of the loading and other slip systems, other than the easy glide 
systems, will be activated. Based on the findings of Krafft and Sullivan (14), 
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and the discussion of the Bauschinger effect in Chapter 1) it was believed 
that the activation of the non-easy glide systems would have an effect on the 
stress-strain curve of the third-~uarter cycle of loading. 
The stress rate in the third-~uarter cycle was held constant at about 
350 pSi/sec, and the stress rate in the first-~uarter cycle was varied between 
10 and 107 pSi/sec. Initially five testing temperatures, -100, -20, 75, 160, 
and 250 degrees Fahrenheit, were planned to be investigated. However, at 
the lower testing temperatures, -100 and -20 degrees Fahrenheit, the bath of 
alcohol and dry ice which was used for cooling the specimen attacked the 
strain gage epoxy cement and the gages failed to report the strain beyond the 
yield point in the first-~uarter cycle of the test. Because of the difficulties 
encountered with the strain gages at the lower temperatures, only three testing 
temperatures, 75, 160 and 250 degrees Fahrenheit, were investigated. The 
prestrain in the first-half cycle of loading was held approximately constant 
at 0 0 04 in. / in . 
The summary of the tests are presented in Table 4-1. As will be noted 
from an inspection of Table 4-1, the stress rate in the third-~uarter cycle 
and the prestrain in the first-half cycle, were not exactly e~ual to the 
constant values selected "but were close enough to yield the results desired. 
The third-~uarter cycle stress rate varied between the limits of 230 and 
470 pSi/seco This variation of stress rate in the third-~uarter cycle is not 
critical because the difference in the stress-strain curve for a specimen 
stressed at t 120 pSi/sec from the desired 350 pSi/sec represents an approxi-
mate difference in the stress value of less than 1 ksi for all values of 
strain investigated. 
No effort was made to hold the room temperature tests to exactly 
75 degrees Fahrenheit for the difference in stress values obtained from the 
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variation in the temperature was less than the inherent errors introduced in 
measuring the stress. The temperature of the room temperature tests varied 
between the limits of 65 to 76 degrees Fahrenheit. For the elevated tempera-
ture tests, .160 and 250 degrees Fahrenheit, the temperatures are believed to 
be equal to the desired testing temperatures within ±. 1 degree Fahrenheit. 
The desired prestrain for this group of tests was 0.04 in./in. The 
actual prestrain varied from 0.0172 to 0.0870 in./in. The experimental pro-
cedure which was adopted to obtain the desired prestrain was such that a 
close control of the prestrain value was not possible. A stopping block was 
employed to stop the piston of the pneumatic machine in its forward stroke 
(first-quarter cycle of loading). This technique of programming the machine 
to prefix the desired prestrain was not completely successful as is evident 
from an inspection of the prestrain values. Therefore, an extrapolation 
procedure had to be devised which 'would correct the stress value of the third-
quarter cycle such that the prestrain variable would be eliminated from the 
stress values reported herein. 
The extrapolation procedure adopted It/as the following. For a particular 
temperature, the factors which influence the stress-strain curve of the third-
quarter cycle of loading in this group of tests were 1) the rate of deforma-
ti.on in the first-quarter cycle of loading, and 2) the reversal in the sense 
of stressing. The relation between the prestrain of the first-half cycle, 
E , and the stress in the third-quarter cycle, ~., was determined by testing 
p J 
specimens at equal stress rates (350 psi/sec) in the first and third-Cluarter 
cycles. It 'VIras assumed that by maintaining eClual stress rates in both loading 
cycles that only the effects of the reversal of the sense of stressing would 
be evident on the stress-strain curve of the third-Cluarter cycle. As noted 
in Figo 4-1 the stress ~. is defined as the stress in the third-Cluarter cycle 
J 
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at a strain equal to E .. The strain E. is measured with reference to the 
J J 
original zero strain. Thus, neglecting elastic rebound the absolutemagni-
tude of strain at E. to which the specimen has been subjected is equal to 
J 
The dependence of ~. on the prestrain is graphically 
J 
represented in Fig. 4-5, where E. was chosen to be equal to zero; therefore 
J 
the total absolute magnitude of the strain induced in the specimen at ~. is 
J 
equal to 2E and~. is designated in this special case as ~ . 
, P J 0 Figure 4-5 
indicates that when the two parameters, ~. and E , are plotted ona semi-
J p 
logarithmic grid system, there exists a linear relation between ~. and E , or 
J p 
the two parameters are related by a semi-logarithmic function of the form 
(4.1) 
and referring to Fig. 4-5, c is equal to the slope of the straight line and 
b is equal to the ~. axis intercept. It was found (see discussion later on 
J 
the equal stress rate tests) that the relation of the form of Eq. (4.1) could 
be used for relating ~. to E for all values of E. for a stress rate equal to 
J p ~J 
350 pSi/sec. With the data line of Fig. 4-5 as a basis, the test data derived 
from tests with prestrain values other than 0.04 in./in. were corrected (or 
extrapolated) to the 0.04 in./in.prestrain value. The extrapolated stress 
values are enclosed in parentheses in Table 4-2 following the value computed 
for the actual prestrains, and it~is: the. extrap.olate,d s'.tres.8V'alues which have 
been plotted in Fig. 4-2, 4-3, and 4-4. By using the foregoing technique to 
correct the stress values of the third-quarter cycle such that they would 
correspond to a prestrain of 0.04 in./in., it is assumed that the difference 
in the rate of stressing and the amount of prestrain does not alter the 
mechanism of flow in the third-quarter cycle. 
The idealized stress-strain curve for a typical unequal stress rate 
test is depicted as Fig. 4-1. The stress-strain curve for the first-half 
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cycle as well as the second-half cycle of the test is shown in the figure. 
In Fig. 4-1, the stress rate in the first-quarter cycle of loading, 0-1, is 
assumed to be greater than the stress rate in the third-quarter cycle of 
loading, 0-2 (actually, the case f.'or (;2 > (;1 also has been considered). The 
stress-strain curve for a monotonically and uniaxially stressed specimen also 
is shown. The monotonically stressed specimen is assumed to be loaded at a 
stress rate equal to (;2 which is equal to the stress rate in the third-quarter 
cycle. The ordinate of the figure is the absolute value of stress and the 
abscissa the sum of the absolute value of strain. This system of coordinates 
was chosen because it was desired to show the complete stress-strain curve 
for the one cycle of loading in the first quadrant of the usual stress-strain 
curve. The figure shows the flow stress level for the third-quarter cycle 
being.lower than the flow stress level of the monotonically stressed speciJnen 
for values of strain beyond E ; actually under the stated conditions this is p 
precisely the nature of the observations. Since the stress rate for the 
monotonically stressed specimen and the stress rate in the third-quarter cycle 
of the unequally stressed specimen were equal, the difference in the flow 
stress can be attributed to the greater loading rate in the first-quarter 
cycle and also the reversal in the direction of loading. An attempt to 
separate the two effects is presented in the text which follows. 
The stress values at (E -0.01) and (E - 0.02) for the third-quarter p p 
cycle versus the logarithm of the post yield strain rate for the first-
quarter cycle at three testing temperatures are shown as Fig .. 4-2, 4-3, and 
4-4. In the figures the effects of reversing the sense of stressing and the 
effects of the rate of stressing in the first-quarter cycle of loading have 
not been separated. 
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The folldwingobservationsare made from an inspection of Fig. 4-2. 
The third-quarter flow stress increases with an increase in the post yield 
strain rate of the first-quarter cycle from 10-5 to 10-2 in./in./sec, and for 
strain rates greater than 10-2 in./in./sec the flow stress decreases with an 
increase in the strain rate. Based on thes~ observations, one possible inter-
pretation of the flow mechanism is as follows. In the range of strain .rate 
from 10-5 to 10-2 in./in./sec, an increase in the strain rate activates slip 
systems which are effective in causing cross slipping the third-quarter cycle 
of loading. The cross slipping of the bands results in an increase in the 
stress which is required for the continuation of plastic flow in this reverse 
loading phase. On the other hand, for strain rates greater than 10-2 in./in./sec, 
it appears that so many slip systems are activated within the material in the 
first-quarter cycle of loading that the cross slipping in the third-quarter 
cycle ·is no longer effective; thus, a decrease in the flow stress is observed 
in the third-quarter cycle of loading. The increases and decreases in the 
flow stresses can have significant design implications, for a decrease of 
flow stress in the third-quarter cycle implies that the material has less 
energy absorbing capacity for subsequent loadings. 
The stress versus the post yield strain rate curves for the elevated 
temperatures, .160 and 250 degrees Fahrenheit, are shown in Fig. 4-3 and 4-4. 
For a testing temperature of 160 degrees Fahrenheit, Fig. 4-3, it appears 
that the rate of deformation in the first-quarter cycle of loading has a small 
effect on the stress-strain behavior in the third-quarter cycle, except for E 
greater than 1 in./in./sec where the third-quarter stress decreases slightly. 
This decrease is small, only about 5 ksi for a change of 2 orders of magnitude 
in the strain rate. This relative insensitive behavior of the third-quarter 
stress possibly may be attributed to the aging phenomena which is accelerated 
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at the higher testing temperatures. It appears that the strain weakening 
caused in the initial loading-was slightly restored by aging under load. 
However, for strain ,rates greater than 1 ina/in./sec, the recovery of the 
third-quarter stress is not comparable to the recovery at the lower strain 
rates, and evidently, the aging is not sufficient to strengthen all the pos-
sible slip paths. 
For a testing temperature of 250 degrees Fahrenheit, Fig. 4-4, the 
experimental results indicate that the flow stress level in the third-quarter 
cycle decreases with an increase in the strain rate of the first-quarter cycle. 
The decrease in stress is approximately 5 ksi for a change in strain rate over 
4 orders of magnitude. It should be noted that the drop in stress in this 
case is almost identical to that of Fig. 4-3 over the strain rate range. 
The test data for the elevated temperature tests are more difficult to 
interpret than the test data for the room temperature tests because the aging 
affects are accelerated at the elevated temperatures and the flow mechanism 
is obscured by the activation of the aging phenomena. 
The reduction in flo~ stress level in the third-quarter cycle caused 
by the reversing the sense of stressing and the difference in stress rates 
between the first and third-quarter cycles is shown as Fig. 4-6. The hori-
zontal line at 63 ksi represents the stress level for a specimen which is 
tested at room temperature both monotonically and uniaxially at a stress rate 
equal to 350 pSi/sec. The stress level of 63 ksi is the stress at a strain 
value of 0.06 in./in., (E + 0.02),which was obtained by setting E equal to p 
0.06 in./in. in Eq. (3.22) or 
u = (1.4 x 105 psi) 0.28 E 
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The second curve of Fig. 4-6 shows the dependence of ~. (the stress at E. in 
J J 
the third-~uarter cycle) on the post yield strain rate of the first-~uarter 
cycle. The difference between the two curves) represents the degree of strain 
weakening caused by the rate of deformation in the first-~uarter cycle) and 
reversal of loading. As has been cited earlier, the difference between 
curves decreases as the strain rate increases up to approximately 10-2 in .jin./sec. 
The decrease in the difference between the two curves can be interpreted as a 
decrease in strain weakening of the material in the third-~uarter cycle of 
loading. The point of minimum difference between the two curves whichrepre-
sents the minimum degree of strain weakening occurs at a strain rateapproxi-
mately e~ual to the strain rate in the post yield portion of the stress-strain 
curve for a specimen tested at a constant stress rate e~ual to 350 pSi/sec. 
Therefore) the minimum difference between the two curves can be interpreted 
to be caused by the reversal of the sense of stressing only. For lower rates 
o·f strain) lower than 10-2 ina/in./ sec) the slow rate of deformation only 
activates slip planes of easy glide which results in a lower flow stress in 
the third-quarter cycle of loading. Beyond 10-2 in./in./sec, ~. decreases, 
J 
indicating that considerable damage has been induced in the specimen by acti-
vation of additional slip systems resulting from the rapid rate of deformation 
in the first-quarter cycle of loading. 
The effect of reducing the flow stress level upon subse~uent reloading 
is not caused uniquely by reversing the sense of stressing. Campbell and 
Duby (4) have shown that the flow stress level at any strain value can be 
reduced by a previous deformation history. In Fig. 4-7, taken from Ref. (4), 
is shown the effect of previous rate of deformation on the stress-strain 
behavior of a medium-carbon steel. The curve D represents a static test on 
an annealed specimen with no previous deformation history. Curves A, B, and C 
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represent three ~mpact loads prior to final static testing, curve E. If a 
comparison of curves E and D is made, it is evident that the flow curve) 
after the three impact loadings) is lower than the flow stress level for the 
specimen with no deformation history. This reduction in the flow stress 
level can be attributed to the rate of deformation history only because the 
sense of original or initial stressing was not changed. The micro-structure 
difference in the slip systems activated with different stressing rates 'which 
was observed by fu'afft and Sullivan (14) is verified by the reduction in 
flow stress level obtained by Campbell and Duby (4). 
The stress rate for the third-q,uarter cycle which was chosen for this 
group of tests (350 psi/sec) was arbitrarily selected. There is every reason 
to believe that the trends in the results 'which have been reported would be 
the same if another stress rate had been arbitrarily selected; only the 
magnitude of the stress values would be different. At the elevated tempera-
tures of testing, if a slower stress rate had been selected for the third-
q,uarter cycle, then possibly more aging effects would appear in the 
third-q,uarter stress-strain curve since more elapsed time would be req,uired 
in the third-q,uarter cycle of loading. 
In this group of uneq,ual stress rate tests a peculiar phenomena 
occurred in the post yield region of the stress-strain curve for specimens 
tested at 250 degrees Fahrenheit 0 The strain-time curve for a specimen 
stressed at approximately 350 pSi/sec became discontinuous resulting in a 
serrated stress-strain curve as shown in Fig. 4-9) and the stress-strain 
curve corresponding to the stress-time and strain-time plots is shown as 
Fig. 4-8. From Fig. 4-8 the following observations are made: the serrations 
in the post yield region of the stress-strain curve occurs at approximately 
0.02 in lin. or well in the strain hardening region of the stress -strain 
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curve. The serrations appear to be equally spaced; that is, the first 
serration occurs at 0.02 in./in., the second at 0.03 in./in., the third at 
0.04 in./in., and finally the fourth at 0.05 in./in. Note also that the 
stress .increase for each serration is approximately equal to 3 ksi and the 
serrations are unique to only the first-quarter cycle of loading. It appears 
that the serrations of the first-quarter cycle has no effect on the stress-
strain curve for the third-quarter cycle for the material behaved. normally 
in the third-quarter cycle. The actual stress rate of the first-quarter 
cycle for the stress-strain curve shown.as Fig. 4-8 was 212 pSi/sec and the 
stress rate in the third-quarter cycle of loading was -227 pSi/sec. This 
peculiar phenomena was not observed in the first-quarter cycle for any other 
specimen tested at approximately 350 pSi/sec. From this observation it is 
surmised that the serrations may be very stress rate sensitive. 
The serrations were observed in the third-quarter cycle of loading for 
specimens A 97 (Fig. 4-10), A 98 (Fig. 4-11), and A 109 (Fig. 4-12). All of 
the specimens, A 97, A 98, and A 109, were tested at 250 degrees Fahrenheit 
and the stress rate in the third-quarter cycle was held constant at approxi~ 
mately 350 pSi/sec. For specimens A 97 and A 98 the stress rate in the 
first-quarter cycle was approximately equal to 5 x 105 pSi/sec, and the 
stress rate for specimen A 109 was equal to 205 x 104 pSi/sec. The increase 
in stress corresponding to the serrations which occurred in the third-quarter 
cycle of loading were approximately equal to 2 ksi which is less than the 
3 ksi increase in stress observed for the first-quarter cycle (specimen A 74). 
Note also that the spacing for the serrations of the third-quarter cycle were 
approxi.rnately equal; however, the spacings i!Tere not equal to 0.01 in./in. as 
was the case for the serrations of the first-quarter cycle. 
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It must be emphasized that the serrations in the stress-strain curve 
which have been discussed in the previous paragraph did not occur for every 
specimen which was tested at 250 degrees Fahrenheit and stressed at approxi-
mately 350 pSi/sec. Figure 4-13 represents the stress-strain curve for 
specimen A 108 which was subjected to almost identical stress rates and 
temperature conditions of specimen A 109 (see Fi.g. 4-12); serrations observed 
for specimen A 109 were not present for specimen A 108. 
One possible way of qualitatively explaining the serrations in the 
stress-strain curve is that the interstitial elements which lock the disloca-
tions prior to yielding of the specimen are activated into motion by thermal 
agitation at 250 degrees Fahrenheit. They move into positions which lock the 
dislocations, thus restricting plastic deformation, requiring more energy or 
stress to continue the plastic flow. That the serrations do not occur at a 
testing temperature of 160 degrees Fahrenheit suggests that the thermal energy 
at 160 degrees Fahrenheit is not sufficient to move the interstitial elements 
from their stable positions into locking positions. The serrations were not 
observed for the rapid tests possibly ·because the motion of the dislocations, 
and thus the plastic deformation, occurs in such a short time that the inter-
stitials do not have the time required to move into favorable locking positions. 
The serrations appear to be a time and temperature sensitive phenomena, perhaps 
similar to the mechanism of aging. 
4.3. The Equal Stress Rate Tests 
The models which were reported in Chapter 1 suggest that the magnitude 
of the prestrain of the first-half cycle will have an effect on the stress-
strain behavior in the third-quarter cycle of loading. For the slow rates of 
loading, the dependence of the third-quarter cycle flow curve on prestrain has 
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been extensively studied by other investigators, and the results of these 
studies indicate that the flow curve of the third-~uarter cycle is a function 
of the prestrain. This section contains the analysis and the results of the 
dependence on the third-~uarter cycle flow curve on the amount of prestrain 
for slow and rapid rates of loading in which the stress rates in both loading 
phases were e~ual. All of the specimens reported in this section were tested 
at room temperature (approximately 75 0 F). ~hree stress rates, 350, 5 x 105, 
and 3 x 107 pSi/sec, were chosen for the investigation and the range of 
prestrain varied between elastic shocks (negligible permanent plastic deforma-
tion) to approximately 0.10 in./in. 
The specimens which were subjected to elastic shocks prior to stress 
reversal were analyzed and reported in a thesis by Wright (34). By calcu-
latingthe liforce-time damage" of the elastic loading, he was able to predict 
the upper yield stress in the reverse direction. The upp.er yield stress upon 
subse~uent reversed loading did not show any signs of stress reversal, that 
is, the results of the unidirectional shock tests were almost identical to 
that of the stress reversal testso 
A typical stress-strain curve for one full cycle of loading at 
350 pSi/sec is 4-14. Irhe definition of the various syrnbols 
used to denote the stress or strain values of interest has been designated 
in this figure. As has been previously stated.? Ep is equal to the permanent 
plastic deformation induced in the first~half cycle of loading, cr is e~ual 
o 
to the stress in the third-~uarter cycle at the intersection of the third-
~uarter stress-strain curve and the stress ordinate (stress at E. = 0), and 
J 
finally cr is e~ual to the yield stress in the third-~uarter cycle defined yr 
by an arbitrarily chosen tangent offset. 
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Figure 4-15 shows the dependence of the elastic limit of the third-
q.,uarter cycle on the prestrain. The model presented by Cottrell (see 
Chapter 1) indicated that the elastic limit of the third-q.,uarter cycle 'was a 
function of the maximum stress in the first-q.,uarter cycle of loading" cr 
max" 
and thus a function of the prestrain" E . 
P 
The elastic limit reported in 
Fig. 4-15 corresponds to the stress point (2ui - umax ) in Fig. '1-1. Figure 4-15 
suggests a linear dependence of the elastic limit on prestrain for the t·wo 
stress rates which are presented. Another conclusion 1IThich may be drawn is 
that the elastic limit in the third-q.,uarter cycle is stress rate sensitive. 
The elastic limit increases by approximately 8 ksi from a stress rate of 
350 pSi/sec to a stress rate of 3 x 107 pSi/sec. The elastic limit is not 
as stress rate sensitive as the upper yield point in the first cycle of 
loadingy for the upper yield point increases by approximately 27 ksi for the 
same range of stress rates. 
The variation of the yield strength (as defined by an offset criteria) 
in the third-q.,uarter cycle with the prestrain is shown as Fig. 4-16 for a 
stress rate of approximately 350 psi/sec. The tangent offset values selected 
Ij\Tere 0.2 percent (the standard to designate the static yield stress for a 
material which does not exhibit a yield point such as aluminum)" 0.4 percent" 
and 1.0 percent. The third-quarter cycle yi.eld stress intercept, 42 ksi, is 
the average yield stress obtained from testing a specimen monotonically at 
350 pSi/sec at room temperature and with zero prest-rain. A study of the 
0.2 percent yield stress curve indicates that it reaches a minimum value at a 
prestrain of 0.008 in./in. After this minimum" the yield stress increases 
at a decreasing rate as the prestrai.n is increased. The observations regarding 
the minimum value of the prestrain and the rate of increase of the yield stress 
with an increase in prestrain are applicable to the 0.4 and 1.0 percent offset 
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yield stress curves 0 Note that the yield stress defined by the 002 percent 
offset is less than the virgin yield stress" 42 ksi, for all prestrain 
values investigated. Therefore" if the extent of strain weakening in the 
third-~uarter cycle is determined or defined as the ratio of the third-quarter 
yield stress to the virgin yield stress, then the ratio will always be less 
than one indicating that a definite amount of strain weakening has been 
eLhibited by the material which is caused by reversing the sense of stressing 
in the third-quarter cycle of loading 0 For the 0.4 percent yield stress" the 
ratio will be less than one for prestrain values less than 0.04· in./in." 
e~ual to one at 0.04 ino/in., and finally greater than one for prestrain 
values greater than 0.04 ino/in. For the 1.0 percent yield stress, the ratio 
will be greater than one for all values of prestrain investigated. If the 
Bauschinger effect is defined as the ratio of the yi.eld stress in the third-
~uarter cycle to the virgin yield stress" then depending on the offset value 
chosen, the ratio can be less than one (indicating strain weakening), equal 
to one (no strain weakening)" or equal to or greater than one (indicating 
strain hardening) depending on the offset strai.no This definition of the 
Bauschinger effect would not be consistent and therefore not desirable. 
H0'1Never, if the ratio of the third-quarter cycle yield stress to the stress 
at the time of unloading is taken as the definition of the Bauschinger effect, 
then the ratio v.Till be less than one for all values of prestrain. There is 
one undesirable feature in this definition in that the numerator and the 
denominator of the ratio varies with the prestrain; whereas in the first 
definition" only the numerator of the ratio varies with prestraino 
Another observation which can be made from Figo 4~16 is that the dif-
ference between the 0.2 and 004 percent yield stress curve" and the 0.4 and 
100 percent yield stress curve" is approximately constant for all values of 
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prestraino This implies that the radius of curvature of the stress-strain 
curve in the third-<luar±er cycle of loading from E to (E 
P P 0.01) is not a 
function of the prestrain and is a constant for all of the values of prestrain 
reported herein. 
Liu and Sachs (15) have indicated that there is a difference in behavior 
in the third-<luarter cycle depending on which initial direction of stressing 
is chosen. That is" the third-<luarter cycle flow curve resulting from a 
compression-tension cycle will be dissimilar to a tension-compression cycle. 
The results which have been reported by Liu and Sachs 'were based on studies 
performed on 24sT aluminum specimens" Based on their findings it was decided 
to test one group of specimens in a tension-compression test cycle and another 
group in a compression-tension cycle. The results presented in Fig. 4-16 
indicate that for all practical purposes the flow curve of the third-<luarter 
cycle of loading" resulting from a tension-compression cycle and a compression-
tension cycle are identical and the behavior is the same regardless of the 
choice of the initial sense of stressing. If the behavior was not identical" 
the data points representing one of the two choices of initial direction of 
stressing 'would form· a uni<lue curve and not fall at random above and below 
the curve chosen to represent the experimental results from 'both the tension-
compression and the compression-tension test cycles. 
Figure 4-17 is a diagram with the same ordinate and abscissa as Fig. 4-16. 
The three curves shown are the 0.2" 0.4" and 1.0 percent tangent offset yield 
stress values for the third-<luarter cycle stress-strain curve for specimens 
tested at room temperature and at a stress rate of approximately 3x 107 ps¥sec. 
The figure indicates that the third-<luarter cycle yield stress in this case is 
not as sensitive to changes in the prestrain as was the third-<luarter cycle 
yield stress for specimens tested at 350 pSi/seco The observation about the 
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radius of curvature for thethird-~uarter cycle stress-strain curve which was 
made for the 350 pSi/sec stress rate also is valid in this case. 
A similar plot to the one shown as Fig. 4-16 for other types of steels 
is shown as Fig. 4-18. The chemical analysis of the steels is presented in 
Table 4-5 together with the standard mechanical properties. With the exception 
of the one curve from this investigation) the experimental data vhich was 
used in constructing Fig. 4-18 were taken from Macrae (18). The specimens 
of Ref. (18) were tested at room. temperature and the rate of straining the 
specimen 1\ras comparable to the strain rate derived 'by testing the specimen at 
a stress rate of 350 pSi/sec in the pneumatic loading device used in this 
investigation. Note that the range of prestrain is only 0.03 in./in. and that 
the trends in the results for each of the steels are comparable to the results 
obtained for the steel reported in this i.nvestigation. 
In Fig. 4-19 is shown the variation of the ratio of the yield stress 
in the third-q~arter cycle (defined by a 0.2 percent tangent offset) to the 
virgin yield stress with the prestrain. A study of Figo 4=19 will reveal that 
the steel of this investigation compares well with the behavior of the mild 
steel reported by Macrae (18). In addi,tion, one curve could not be chosen to 
represent the data for the five steels. 
The dependence of 0- on E for a stress rate e~ual to 350 pSi/sec has 
a p 
been shown as F:ig 0 4-5, and has been discussed in Section 4.1. Figure 4-20 
shO\,fS the relation between 0- and E for the three stress rates, 350) 5 xl05, 
o p 
and 3 x 107 pSi/sec, investigated. The semi-logarithmic function, E~. (4.1), 
0-
a 
(4.1) 
used to relate 0- and E for the data points representing specimens which 
a p 
were tested at 350 pSi/sec is applicable for representing the data points for 
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the specimens which were tested at the other rates. The figure indicates 
that the third-quarter flow curve is not very stress rate sensitive in the 
range from 350 to 5 x 105 pSi/sec for the data from the two stress rates are 
not readily distinguishable. Figure 4-21 is a stress versus prestrain 
diagram s.imilar to the one presented as Fig. 4-20. The five curves presented 
in Fig. 4-21 represent the four steels investigated by Macrae (18) and the 
steel of this study. The linearity of the data points for the Carbon "E" 
steel, the mi.ld steel, and the A-7 Bethlehem 57T24.0 steel suggest that 
Eq. (4.1) can be used to represent the data points for mild steels, but not 
for the other two special steels. 
The realtion between CT, and E for other values of E. and at stress 
J p J 
rates of 350, 5 x 105, and 3 x 107 pSi/sec are shown as Fig. 4-22, 4-23, and 
4·-24. The semi-logarithmic relation ·bet·ween CT. and E appears to be valid J p 
for all values of E. plotted in Fig. 4-22. The constant c appearing in 
J 
Eq. (4 .. 1), which represents the slope of the straight lines in Fig. 4-22, is 
a constant and independent of E.. However, the constant b, which is the 
J 
stress axis intercept, appears to be a function of E.- The relation between 
J 
band E. could possibly be expressed as a power relation, similar to the 
J 
exponential relation.between stress and strain in the first-quarter cycle of 
loading" since the constant b is the theoretical value of CTO whenm(loglO Ep) 
is equal to zero (see Eqo (4.1)). Similar conclusions can be drawn from 
Figo 4 .... 23 In which the CT. versus E diagram for the specimens which were 
J p 
tested at a stress rate of 5 x 105 pSi/sec. The slope of the straight lines 
appearing in Fig. 4-23 is different from those appearing in Fig. 4-22 
indicating that the constant c is possibly a function of the rate of stressing. 
'I'he test results depicted in Fig. 4--24 indicate that the flow mechanism changes 
'When the specimen is stressed at a stress rate of 3 x 10 7 pSi/sec. The 
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experimental data for the various values of E. cannot be represented by 
J 
The third-quarter cycle stress values at the strain E. becomes 
J 
independent of E for E greater than 0.03 ina/in. Apparently, at the p p 
7 3 x 10' pSi/sec stress rate) too many slip bands have been.activated making 
u. less prestrain sensitive. 
J 
Figures 4-22) 4-23) and 4-24 have been combined into one figure and 
are shown in an isometric presentation in Fig. 4-25. The relationship between 
(J.y E and 0- is shown in this figure 0 As noted earlier) the figure indicates J pJ 
that u. is not very stress-rate sensitive in the range from 350 to 5 x 105 
J 
pSi/sec 0 
Several poi.nts on the stress-strain curve for the third-quarter cycle 
have been presented as functions of prestrai.n and the rate of stressing. 
Therefore, i.t is possible to approxlmate the third-quarter cycle stress -strain 
curve for the range of the variables which have been investigated. And) for 
comparison purposes the first-quarter stress-strain curve can be approximated 
'by the methods which have been suggested in Chapter .3. 
In order to show that the flow stress level in the third-quarter cycle 
of loading is less than the flow stress level for a monotonically stressed 
specimen when compared at a particular value of strain) the following set of 
parameters 'were chosed for plotting the stress-strain curve for a specimen 
which had been subjected to one cycle of loading 0 The flow curve for the 
first-half cycle ItJ-aS plotted in the standard manDer of plotting a stress-
strain curve, that is, taking the abscissa as the strain axis and the ordinate 
as the stress axis. However, the following definition of strain for the 
third-quarter cycle was adopted which resulted in stress-strain diagrams which 
occupied only the first quadrant of the standard stress-strain diagram. 
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Referring to Fig. 4-1) the magnitude of strain in the third-quarter cycle 
of loading which is required to develop the stress Cf. is equal to (E - E.). 
J P J 
Then the absolute magnitude of the strain induced in the specimen from zero 
strain in the first- r1uarter cycle to the stress CT. is equal to IE + (E - E.)I. 
':l. J p . P J 
Now' if the absolute value of stress is plotted as the ordinate) and the strain 
corresponding to Cf. is plotted as I E + (E - E.) I instead of E.) then the J p p J J 
stress-strain curve for the one cycle will fall completely in the first 
quadrant of the stress-strain diagram as shown in Fig. 4-1. At the stress Cf., 
J 
the specimen has been strained by E in the first-half cycle, and (E - E.) in P p J 
the third-quarter cycle, . therefore the total amount of straining up to the 
stress Cf. is the sum of the magnitude of strain in the first-half cycle and 
J 
the third-quarter cycle. If a comparison of the flow stress of the third-
quarter cycle is made with the flow stress of a monotonically stressed specimen, 
the common strain for comparison is IE + (E 
P P E . ) I instead of E.. By J J 
adopting the ~tress and strain convention which has .been discussed, the one 
cycle stress-strain curve of specimen A 121 which has been shown previously 
in the standard manner (see Fig. 4-14) will fall completely in the first 
quadrant as shOltTD in Fig. 4-26. In Fig. 4-26, the solid curve represents the 
stress-strain curve fora monotonically and uniaxially stressed spec:Lmen 
tested at room temperature at a stress rate of 350 pSi/sec, and is dra\~ by 
e'valuating the expression derived l.n Chapter 3, namely 
r 0 28 
Cf = (1.4 x 10) psi) E • 
~=350psi/sec,T=75°F 
If a comparison of the flow stress of the third-quarter cycle and the mono-
tonically stressed specimen is made, say at a strain value of 0.10 ino/in., 
it is apparent that the flow stress of third-quarter cycle is less than the 
fluw stress for the monotonically stressed specimen regardless of the fact 
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that both specimens had been strained by an equal amount and at equal stress 
rates. The decrease in the flow stress is caused by the reversal in the 
sense of stressing. If the two stress-strain curves of Fig. 4-26 are plotted 
on a ,log CY-log E diagram, the two curves will be parallel to one another 
after a strain of (E + 0.02) in the third-quarter cycle, indicating that the p 
strain hardening exponent has not beyn altered by the reversal in the sense 
of stressing. The only effect of reversing the sense of stressing will be 
the reduction in the flow stress. The preceding observation suggests .that 
the flow mechanism in the third-quarter cycle becomes identical to the flow 
mechanism of the monotonically stressed specimen after straining 0.02 in./in. 
beyond E in the third-quarter cycle. In this region the only evidence that p 
the stress-strain curve of the third-quarter cycle showed to indicate that 
the specimen had undergone a prior deformation history is the reduction in 
the flmf stress. 
Figure 4-27 shows the difference in the flow stress levels between the 
flow stress in the third~quarter cycle and the flow stress of a monotonically 
stressed specimen at Ej equal to (Ep - 0.01). The temperature of testing is 
equal to 75 degrees Fahrenheit and the stress rate in the first and third-
quarter cycles is equal to 350 pSi/sec. The two curves diverge from one 
another as the prestrain E increases indicating that the difference between p 
the flow stresses increase as the pre strain increases. Figure 4-28 is 
identical with Fig. 4-27 except in Fig. 4-28 E. is equal to (E - 0.06). 
J p 
The difference in the flow stresses for this case is not as great as is 
indicated in Fig 0 4-27. The reason for the greater difference in the flow 
stresses at Eo equal to (E '- 0001) is that 0". occurs in the region where the 
J p J 
curvature of the stress-strain curve of the third-quarter cycle is rapidly 
changing as the strain is increased. This is also the region of the 
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stress-strain curve which is commonly interpreted as showing the largest 
Bauschinger effect because the slope of the stress-strain curve changes 
rapidly as the strain increases. It was found that the range of strain for 
the large change in the slope of the stress-strain curve was equal to approxi-
mately 0.02 in./in. beyond the prestrain. That is, beyond a strain of 
( E: + 0.02) in the third-quarter cycle, the stress -strain curve took on the 
'p 
appearance of the f'low curve of the monotonically stressed specimen and the 
strain hardening exponent for the third-quarter cycle of loading became 
approximately equal to the strain hardening exponent of the monotonically 
stressed specimen (or the strain hardening exponent of the first-quarter 
cycle). After the strain hardening exponent of the third-quarter flow curve 
became equal to that of the first-half cycle, the difference in the flow 
stress levels was a constant and independent of the magnitude of strain. The 
two flow curves in this state plotted as a pair of straight lines when plotted 
on a log-log scale. 
Figure 4-29 shows the difference in the flow stress level of the 
monotonically stressed specimen and the flow stress ,level of the third-quarter 
cycle after the flow curve of the third-quarter cycle had attained a strain 
hardening exponent value compara'ble to the strain hardening exponent of the 
fi.rst-quarter cycle. The experimental results presented in Fig. 4-29 indicate 
that the difference in the flow stress levels resulting from the two stress 
rate histories is a function of both the stress rate and prestrain. The 
reduction in the flow stress level resulting from the reversal in the sense 
of stressing implies a reduction in the energy absorbing capacity of the 
material, although this reduction is offset to a certain extent by a gain in 
energy associated with the first-quarter rapid loading. It is worth remember-
ingthat the beneficial design feature of an increase in stress for plastic 
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flow by the increase in the rate of deformation can be nullified in part by 
the reduction in the flow stress arising from reverstngthe sense of original 
stressing. 
In Chapter 3it has been suggested that the stress versus the time-
temperature parameter diagram takes the shape of the activation energy versus 
stress diagram. Therefore) a study of the stress of the third-~uarter cycle 
versus the time-temperature parameter diagram was undertaken in order to give 
light on the behavior of the activation energy as a function of stress in the 
third-~uarter cycle. 
e~ual to 0.04 in./in. 
The prestrain for this case was held at a constant 
The stress ~. chosen for the study was e~ual to the 
J 
stress in the third-~uarter cycle at a strain E. of 0.02 in./in.) this meant 
J 
that the specimen had undergone a total straining of 0.06 in./ino) 0.04 in./in. 
in the first-half cycle and 0.02 in./in. in the third-~uarter cycle) repre-
senting a total of 0.06 in./in. at E .• Because the total strain of 0.06 
J 
ina/in. was selected for defining ~') the stress versus the time-temperature 
J 
parameter curve for 0.06 in./in. for a monotonically stressed specimen had to 
be chosen for comparison between the flow stress in the third-~uarter cycle 
and the flow stress of a specimen which had been stressed monotonically up 
to 0.06 in./in. strain (see Fig. 3-14). The results of the study is pre-
sented as, Fig. 4~30. An inspection of the figure reveals that the two curves 
are similar in shape) but the curve for the third-~uarter cycle flow stress 
is displaced downward. Because of the similarity between the two curves) it 
may be surmised that the flow mechanism of the third-~uarter cycle is similar 
to the flov-T mechanism of the first-~uarter cycle. 
404. The Repeated Load Tests 
'The objective of this test series was to verifY the conjecture that the 
reduction of the flow stress in the third-~uarter cycle was caused by the 
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reversal in the sense of stressing. Therefore, three specimens were tested 
at room temperature in tension under repeated loads. In Fig. 4-31 is the 
test results of specimen A 161 which 'was stressed at a stress rate equal to 
350 pSi/sec. The first loading sequence was carried out to produce a per-
·manent plastic strain of 0.015 in./in., and the second loading sequence was 
carried out to fracture. From Fig. 4-31 the observation can be made that the 
first loading sequence had a small effect on the stress .... strain behavior of 
the material under the second loading sequence when in the same direction. 
The stress-strain behavior for specimen A31 which was loaded in compression 
to produce a permanent plastic strain of 0.02 in.jin., unloaded, and reloaded 
in tension to fracture. Inspection of Fig. 4-31 will reveal that the flow 
curve in the third-quarter cycle of loading is similar to the flow curve for 
the repeated load test except that the stress ordinate is lower in the 
specLmen which had been subjected to a reversal in the sense of stres sing; 
ioe. the flow stress is reduced by the reversal in the sense of stressing. 
The tlNO stress-strain curves shown in Figo 4--32 were derived from a 
similar stress history to that of Figo 4-31. The only difference in the two 
stress-strain curves in Figo 4-32 when compared to the two stress-strain 
curves of Fig. 4-31 is the magnitude of the plastic deformation after the 
first loading sequence. The observations and conclusions which have been 
drawn from an inspection of Fig 0 4·-31 are applicable for interpreting the 
results presented in Figo 4-320 
l ihe stress-strain curves presented in Figo 4-31 and 4-.32 were derived 
from constant stress rate testso The tv.TO stress-strain curves presented in 
Figo 4-33 were derived from testing the specimens at a constant strain rate 
(strain rate of 5.6 x 10-5 in.jinoj sec). The solid line stress-strain curve 
represents the results obtained by straining the specimen monotonically to 
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fracture 0 The broken line curve 'hT8,S deri.ved by four loading) unloading) and 
reloading seq,uences. The stress-strain curves presented in Figo 4-33 indicate 
that the loading and unloading seq,uence had a small effect on the stress-
strain curve 'When compared to the monotonically strained speci.men. 
Based on the observations derived from studying. Fig. 4-31J 4-32" and 
4·-.3.3., it is concluded that the repeated loads in the same direction do not 
have a large e'ffect on the shape and stress ordinates of the stress-strain 
curve, and that by reversing the sense ·of stressing) the flow· stress ordinate 
wi.ll be reduced by the stress reversal) but similar strain hardening rate is 
o'bserved a.fter some straining. 
CHAPTER 5. SUMMARY AND CONCLUSIONS 
The objective of this investigation ¥,78S to study the behavior of a 
structural steel which had been subjected to three-quarters of a full cycle 
of loading. The investigation was commenced by the design of a loading 
machine which would load a standard uniaxial type specimen at a constant 
stress rate. The loading machine was builtin such a manner that the total 
time duration of the loading could be varied from approximately 50 milli-
seconds to several hours. 
After a study of the existing theories and experimental results, it 
'was decided that the following parameters should be investigated: 
1) prestrain in the first-half cycle of loading, 
2) stress rate in the first-Cluarter cycle of loading, 
3) stress rate in the third-Cluarter cycle of loading, 
4) testing temperature. 
The results of the investigation have been presented graphically and a 
phenomenological explanation based on some concepts proposed by the disloca-
tion theory have been offered. 
The analysis of the experimental data for the first-Cluarter cycle of 
loading has been presented in Chapter 3. It was found that Campbell's 
critical number of dislocations theory for the initiation of plastic flow 
was adeCluate for showing the experimentally determined dependence of the 
upper yield stress on stress rate and temperature. From the experimental 
data the activation energy was found to beexpressable in the form of a 
power function. Campbell's theory was extended to the analysis of the stress-
strain curve beyond the yield point, and it was found that a reasonable 
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representation of the experimental data in the strain hardening.rangecould 
be 'madeby us ing the same method of analysis. The undes irable feature of 
using the form of Campbell1stheory in the range beyond the yield point was 
that only one point on the stress-strain curve could be evaluated for each 
determination of an activation energy function. 
The analysis of the stress-strain curve beyond the yield point indicated 
that the 'activation energy is a function of strain as well as stress, .for one 
activation energy function could not be used in the analysis at different 
values of strain. Preferably the activation. energy should be a function of 
temperature and strain ,rate as well as perhaps several other factors. Con-
sideration of these additional variab.les w0\11dmake the· determination of the 
activation energy difficult and extremely time consuming, al1d it was felt that 
I 
the accuracy which was obtained from the proposed flow mechanism was Cluite 
'satisfactory. for achieving. the objectives of the present study~ 
'The time and temperature parameters which appeared, or are'inherent 
in the yield criteria expressions were combined into one variable in an 
attempt to reduce the number of variables which·had to be considered, and 
this provided a valuable basis· of comparison of data in ,the first and third-
Cluarter cycles of'lbading. 
In an attempt to describe ,the complete stress-strain curve for a morio-
tonically. and uniaxially stressed specimen with the least number of terms in 
a mathematical flow· mechanism model, the exponential relation .between stress 
and strain which was. first, proposed by Ludwik (17) was used .. for relating 
stress and strain beyond the yield point. Because of insufficient experi-
mental data, jthe results showing the dependence ·of the strain hardening 
exponent on strain rate and testing temperature 'were not conclusive. However, 
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the trend of the results implied that the strain hardening exponent decreased 
with an increase in strain rate which is in agreement with the observation of 
other investigators. For the group of specimens which were tested at room 
temperature at a stress rate of 350 pSi/sec, the data showed that the ex-
ponential law could be employed for relating stress and strain in the strain 
hardening region up to the point of fracture. 
The experimental data for the third-~uarter cycle of loading has been 
presented in Chapter 4. In the une~ual stress rate tests, the stress rate 
of the first-~uarter cycle was varied from 10 to 107 pSi/sec while the third-
~uarter stress rate was held constant at 350 pSi/sec. The experimental data 
showed a dependence of the third-~uarter stress level on the rate of deforma-
tionin the first-~uarter cycle. At the highest rate of deformation in the 
first'-~uarter cycle, the flow stress level was least for the third-~uarter 
cycle, Lrrlplyi.nga certain degree of damage in the material resulting from the 
high deformation rates. Three testing temperatures, 75, 160, and 250 degrees 
Fahrenheit, were involved in this group of tests, and the temperature 
governed the shape and magnitude of the third-~uarter cycle stress versus the 
first-quarter strain rate diagram. At 250 degrees Fahrenheit and at a 
stress rate of approximately 350 pSi/sec, serrations (interrupted yielding) 
occurred occasionally in the strain hardening range of the stress-strain 
curve in the first and third-quarter cycle. The details of this phenomena 
are described in Section 4.2. 
E~ual stress rate tests were carried out at room temperature and the 
stress rates in the first and third-~uarter cycles were held approximately 
e~ual. Three stress rates, 350, 5 x 105, .and 3 x 107 pSi/sec, were studied 
in this series. It was found that the elastic limit and the yield stress 
(based on a tangent offset) of the third-~uarter cycle were dependent on the 
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magnitude of prestrain derived from the first-quarter cycle of loading. The 
elastic limit of the third-quarter cycle was rate sensitive, but not as 
sensitive as the upper yield stress to changes in the rate of deformation. 
The third-quarter yield stress showed the same degree of rate sensitivity as 
the elastic limit. 
In all cases when the specimens were deformed well into the plastic 
range of the stress-strain curve, the upper yield point phenomenon which 
appeared in the first-quarter cycle of loading did not appear in the reversed 
loading phase of the third-quarter cycle. However, when the specimens were 
subjected to elastic shocks, which possibly caused some degree of micro-
straining in .the specimen" the upper yield point still was observed in the 
reversed direction of reloading. 
The region of the third-quarter stress-strain curve showing the greatest 
change in curvature was confined in the range from E to (E + 0.02)" that is p p 
within the first 2 percent of strain in the reversed loading direction. This 
observation was valid for all of the loading rates studied. The curvature 
appeared to be independent of prestrain and stress rate in this region. 
However" the magnitude of prestrain dictated the flow stress level in all of 
the strain ranges of the third-quarter cycle for the 350 and 5 x 105 pSi/sec 
stress rates. At the highest stress rate, 3 x 107 pSi/sec, the flow stress 
in the third-quarter cycle appeared to be independent of prest rain for pre-
strai.ns greater than 0.03 in./in. One explanation for this observation is 
that the rate of deformation and the magnitude of straining in the first-
quarter cycle of loading had created so many slip bands that the stress in the 
third-quarter cycle was no longer dependent on the prestrain. 
Beyond the region of the large change in curvature, the stress-strain 
curve of the third-quarter cycle took on the appearance of the strain 
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hardening range of the first-quarter cycle stress-strain curve. When the 
stress and strain values were plotted on a log-log scale, the strain hardening 
exponent of the third-quarter cycle became almost equal to the strain hardening 
exponent of the first-quarter cycle. The comparable values of strain hardening 
exponent resulted in a pair of parallel stress-strain curves. However, in all 
cases the stress ordinate of the third-quarter stress-strain curve was less 
than the ordinate of the first-quarter cycle at comparable values of strain, 
clearly indicating the reduction in the stress level resulting. from the stress 
reversal. 
The stress versus time-temperature parameter diagram of the third-
quarter cycle in the region discussed in the previous paragraph was similar 
in shape to that of the first-quarter cycle. Pased on this observation and 
the discussion of the previous paragraph, .it was theorized that the flow 
mechanism of the third-quarter cycle became identical to the flow mechanism 
of the first-quarter cycle after some straining resulting from the reversed 
loading. 
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TABLE 2-1 
PROPERTIES OF THE FULLY-KILLED A-7 STEEL, BETHLEHEM HEAT 57T240 
Chemical Composition in percent by weight 
C 
0.15 
Ladle Analysis from the Mill Report 
Si 
0.16 
Mn 
0.87 
S 
0.034 
Check Analysis 
Ni 
P 
0.011 
Cr 
Cu 
0.10 
c 
0017 
Mn 
0.89 
Si 
0.18 
P 
0.020 
S 
0.034 0.025 0.05 
Cu 
0.08 
Al 
0.06 
Specimen Orientation 
Upper Yield Stress, 
in psi 
Lower Yield Stress, 
in psi 
Maximum Tensile Stress, 
in psi 
Reduction in Area, 
in percent 
Elongation in 1.5 in., 
in percent 
Elongation in 0.75 in., 
in percent 
stress Rate, in 
pSi/sec 
Standard Mechanical Properties 
Rolling Direction 
Type A Specimen Type B Specimen 
41,400 41,300 
40,700 40,700 
70,600 70,100 
66.1 
41 - 46 
380 350 
Perpendicular to 
Rolling Direction 
Type A Specimen 
41,100 
40,700 
68,300 
51.6 
34 - 38 
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TABLE 3-1 
SUMMARY OF UPPER YIELD STRESS :Dl\.TA FOR CONSTANT STRESS RATE TEjSTS 
Specimen Temperature Upper Yield Stress Rate Number Stress 
(oF) (ksi) (ksi/sec) 
A 65 -100 43·7 8.1 x 10-3 
A 77 -100 45·0 1.3 x 10 -2 
A 43 -100 50.2 3.8 x 10 -1 
A 46 -100 49·2 2.9 x 10 -1 
A 93 -100 64.2 2.3 x 10 
A 107 -100 59·4 2.2 x 10 
A III -100 62·9 2.2 x 10 
A 99 -100 76.5 6.3 x 10 2 
A 100 -100 76.0 6.4 x 10 2 
A 136* -100 108·5 1.3 x 105 
A 9* -100 111 .. 2 1.2 x 105 
A 92 -100 -97·8 -3.0 x 10 4 
A 64 -20 40.4 9.5 x 10-3 
A 79 -20 42.0 1.9 x 10 -2 
A 62 -20 44·3 3.4 x 10 -1 
A 63 -20 43·0 3.2 x 10 -1 
A 112 -20 52.1 2.4 x 10 
A 113 -20 51·9 2.2 x 10 
A 101 -20 62.4 6.5 x 10 2 
A 102 -20 60.8 6.4 x 10 2 
A 137* -20 90·7 1.3 x 105 
A 138* -20 92·9 1.5 x 105 
A 66 76 41.2 1.3 x 10 -2 
A 84 71 38.1 1.3 x 10 -2 
A 1* 83 40·5 3.8 x 10 -1 
A 10* 68 42.0 5.5 x 10 -1 
A 12 66 42.0 5.3 x 10 -1 
* denotes type B specimen. 
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TABLE 3-1 (cont'd) 
SUMMARY OF UPPER YIELD STRESS ~TA FOR CONSTANT STRESS RATE TESTS 
Specimen 
Number 
A 14 
A 19 
A 20 
A 22** 
A 23** 
A 114 
A 117 
A 118 
A 94 
A 95 
A 96 
A 6* 
A 13 
A 78 
A 81 
A 86 
A 85 
A 67 
A 68 
A 141* 
A 140* 
A 139* 
A 26t 
A 164ft 
A 165it 
A 251 
Temperature 
(oF) 
68 
79 
73 
75 
70 
73 
75 
73 
65 
72 
70 
73 
72 
73 
75 
72 
80 
71 
68 
70 
75 
70 
77 
78 
78 
78 
Upper Yield Stress Rate Stress 
(ksi) (ksi/ sec) 
41·7 3.7 x 10 -1 
39·4 4.3 xlO -1 
42·5 3.7 x 10 -1 
41.1 4.0 x 10 -1 
-41.4 -1.2 x 10 -1 
42·3 2.3 x 10 
44.6 1.8 x 10 
46·9 1.9,x 10 
52.8 5.1 x 10 2 
51·9 5.1 x 10 2 
54.0 5.0 x 10 2 
76·7 5.2 x 10 4 
77·5 
4 6.8 x 10' 
68.8 3.8 x 10 4 
64.8 2.2 x 10 4 
68.0 3.3 x 10 4 
63.5 1.5 x 10 4 
68.6 4 2.6 x 10 . 
68.8 2.6 x 10 4 
96.5 1.8 x 105 
-83·5 -1.3 x 105 
-80·3 -1.6 x 105 
38.4 8 -2 .7 x 10 
38.0 8 -? .7 x 10 ~ 
39·7 8 -2 .7 x 10 
40.0 6.6 x 10-1 
** D~notes specimen with axis perpendicular to the direction of rolling of 
the plate from which it was machined (area equal to 0.2 sq. in.). 
t Specimen tested in Baldwin Hydraulic Loading:machine. Axis of the specimen 
perpendicular to the direction of rolling of the plate from which it was 
machined. Cross sectional area equal to 0.2 sq. in. 
rr Type A specimen tested in the Baldwin machine. 
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TABLE 3-1 (cont1d) 
SUMMARY OF UPPER YIELD STRESS ~TA FOR CONSTANT STRESS RATE TESTS 
Specimen Temperature Upper Yield Stress Rate Number Stress 
(oF) (ksi) (ksi/ sec) 
A 166tt 78 41·7 6.6 x 10-1 
A 167tt 78 44.2 1.5 x 10 
A 82 160 36.8 1.3 x 10 -2 
A 83 160 35·3 6.0 x 10-3 
A 73 160 40.0 2.5 x 10 -1 
A 80 160 39·3 8 -1 2. x 10 
A 88 160 41·9 2.6 x 10 
A 110 160 43·0 2.7 x 10 
A 87 160 46·9 5.1 x 10 2 
A 89 160 48.8 5.1 x 10 2 
A 104 160 70.8 1.1 x 105 
A 106 160 66.8 9.4 x 10 4 
A 74 250 32.0 2.3 x 10 -1 
A 69 250 32.6 3.1 x 10 -1 
A 108 250 39·8 2.5 x 10 
A 109 250 37·4 2.5 x 10 
A '97 250 39·4 4.8 x 10 2 
A 98 250 42·3 4.8 x 10 2 
A 90 250 52·5 3.1 x 10 4 
A 103 250 63·1 8.8 x 10 4 
A 105 250 61.4 1.2 x 105 
TABLE 3-2 
SUMMARY OF FLOW CURVE TEST DATA 
Specimen Testing Stress at Strain Rate Stress at Strain Rate Stress at Strain Rate 
Number Temp. E = 0.02 at E = 0.02 E = 0.04 at E = 0.04 E = 0.06 at E = 0.06 
(oF) (ksi) (in./in./sec) (ksi) (in./in./sec) (ksi) (in./in./sec) 
A 9 -100 98.5 1.6 x 10 2 100.0 1.6 x 10 2 100.0 1.6 x 10 2 
A 43 -100 50·5 4.5 x 10-3 
A 46 -100 
A 65 -100 44.6 2.8 x 10-5 50.8 4.2 x 10-5 
A 77 -100 47·2 2.7 x 10-5 
A 92 -100 -89.0 -5.4 xl0 -92·5 -1.9 x 10 -95·0 -4.6 x 100 ~ 
0\ 
.... 1 
-1 I A 93 -100 64.8 3.9 x 10 '66.0 3.9 x 10 
A 99 -100 77·3 7.7 x 10 
0 79·0 7.7 x 10 0 
A 107 -100 60.7 1.7 x 10 -1 63·0 1.7 x 10 -1 
A 111 -100 64.3 3.0 x 10 -1 64·5 3.0 x 10 -1 
A 136 -100 100.0 1.4 x 10 2 99·0 1.4 x 10 2 102.0 1.4 x 10 2 
A 62 -20 45·2 9.3 x 10 -4 54.0 7.7 x 10 -4 
A 63 -20 43·6 1.4 x 10-3 
A 64 -20 42.2 1.2 x 10-5 
A 79 -20 45.6 2.6 x 10-5 
TABLE 3-2 (cont'd) 
SUMMARY OF FLOW CURVE TEST ~TA 
Specimen Testing Stress at Strain Rate Stress at Strain Rate Stress at Strain Rate 
Number Temp. E = 0.02 at E = 0.02 E = 0.04 at E = 0.04 E = 0.06 at E = 0.06 
(oF) (ksi) (in./in./sec) (kSi) (in./in./sec) (ksi) (in./in./sec) 
A 101 -20 63.4 5.9 x 10 0 66.0 0 5.9 x 10 
A 102 -20 63.0 6.3 x 10 0 65·0 1.3 x 10 0 
A 112 -20 53·0 4.4 x 10 -1 54.8 8 -4 .0 x 10 
A 113 -20 52.6 1.4 x 10 -1 
A 137 -20 80.0 1.0 x~O 2 82.0 1.5 x 10 2 90.0 1.5 x 10 2 
A 138 82.5 2 86.0 2 2 I -20 1.1 x 10 1.1 x 10 93·0 1.1 x 10 ---:] 
---:] 
I 
A 1 83 44.3 7.0 x 10 -4 52·3 7.7 x 10 -4 58.5 1.9 x 10-3 
A 5 74 56.0 1.7 x 10 60.4 0 8.6 x 10 64.0 1.5 x 10 0 
A 6 73 66.0 5.4 x 10 81·5 1.0 x 10 2 85.0 1.0 x 10 2 
A 10 68 46.8 8 -4 .3 x 10 56.2 1.3 x 10-3 62.0 2.0 x 10-3 
A 12 66 47·0 7.3 x 10 -4 56.8 1.2 x 10-3 62.5 2.0 x 10-3 
A 13 72 64.5 5.8 x 10 82.0 6.7 x 10 80.0 1.2 x 10 2 
A 14 68 45·0 5.5 x 10 -4 53·2 1.0 x 10-3 59·0 1.2 x 10-3 
A 19 79 43·2 8.0 x 10 -4 50.8 1.2 x 10-3 57·5 1.6 x 10-3 
A 20 73 46.3 - -4 6.0 x 10 55·8 9.2 x 10 -4 61.5 1.5 x 10-.3 
TABLE 3-2 (cont'd) 
SUMMARY OF FLOW CURVE TEST DATA 
Specimen Testing Stress at Strain Rate Stress at Strain Rate Stress at Strain Rate 
Number Temp. E = 0.02 at E = 0.02 E = 0.04 at E = 0.04 E = 0.06 at E = 0.06 
(oF) (ksi) (in./in./sec) (ksi) (in./ino/sec) (ksi) (in./in./sec) 
A 22 75 43·8 5.9 xl0 -4 53·0 1.1 x 10-3 58.0 1.9 x 10-3 
A 66 76 43·0 2.5 x 10-5 51.2 4.0 x 10-5 
A 67 71 55·0 1.7 x 10 
A 68 68 53·5 1.8 x 10 
A 78 73 59·0 4.4 x 10 65·5 6.0 x 10 
81 57·8 69.0 2 
I 
A 75 3.5 x 10 5.5 x 10 69·0 1.4 x 10 --..:J co 
I 
A 84 71 42.6 2.3 x 10-5 
A 85 80 57·7 3.7 x 10 60.0 3.5 xl0 
A 86 72 57·0 2.6 x 10 
A 94 65 55·7 8.3 x 10 0 57·3 1.2 x lO 0 
A 95 72 54.4 9.1 x 10 0 54·5 5.5 xl0 -1 
A 96 70 54·9 1.4 x 10 0 56.2 2.5 xl0 -1 
A 114 73 46.2 -2 3.9 x 10 
A 117 75 45·8 4.9 x 10 -2 53·9 2.3 x 10-3 
A 118 73 47·4 8 -2 .3 xl0 55.6 4.0 x 10-3 
TABLE 3-2 (contrd) 
SUMMARY OF FLOW CURVE TEST DATA 
Specimen Testing Stress at Strain Rate Stress at Strain Rate Stress at Strain Rate 
Number Temp. E = 0.02 at E = 0.02 E = 0.04 at E = 0.04 E = 0.06 at E = 0.06 
(oF) (ksi) (in·/in·/sec) (ksi) (in·/in·/sec) (ksi) (in·/in·/sec) 
A 139 70 77·5 7.4 x 10 
A 140 75 -68.0 -5.5 x 10 
A 141 70 75·0 2.1 x 10 2 71.0 1.0 x 10 2 83.0 1.0 x 10 2 
A 73 160 42.5 4.4 x 10 -4 51.2 7.3 x 10 -4 55·0 6 -4 .Ox 10 
A 80 160 42.2 -4 49·8 -4 5.1 x 10 8.6x 10 I 
-...:J 
. 1.6 x 10-5 
\.0 
A 82 160 42.8 I 
A 83 160 40.2 6.3 x 10-5 
A 87 160 49·5 2.8 x 10 0 
A 88 160 45.0 4.0 x 10 -2 52.4 3.1 x 10-3 
A 89 160 51·5 6.7 x 10 0 
A 104 160 59·0 1.1 x 10 2 
A 106, 160 54.0 6.8 x 10 65.0 6.0x 10 68.0 6.0 x 10 
A 110 160 44.0 3.2 x 10 -2 52·3 3.1x 10-3 
A 69 250 37·7 1.5 x 10-5 44·7 7.5 x 10-3 47·5 6.0 x 10-3 
TABLE 3-2 (contld) 
SUMMARY OF FLO'W CURVE TEST DATA. 
Specimen Testing Stress at Strain Rate Stress at Strain Rate Stress at Strain Rate 
Number Temp. E = 0.02 at E = 0.02 E = 0.04 at E = 0.04 E = 0.06 at E = 0.06 
(oF) (ksi) (in./in./sec) (ksi (in./in./sec) (ksi) (in./in./sec) 
A 74 250 38.6 7.1 x 10-3 45·0 7.5 x 10-3 
A 90 250 45.8 3.1 x 10 
A 97 350 42.3 6.9 x 10 -1 48·5 4.3 xl0 -2 
A 98 250 45.0 5.6 x 10 
A 103 250 53·3 1.0 x 10 2 62.0 6.0 x 10 67·0 6.0 x 10 
J 
A 105 250 50.0 7.2 x 10 60.0 6.0 x 10 62.0 6.0 x 10 OJ 0 
J 
A 108 250 42.8 4.2 x 10 -2 
A 109 250 43.8 4.0 x 10 -2 
TABLE 3-3 
SUMMARY OF STATIC TENSION TESTS 
Specimen Testing Post Yield Strain 
Number Temperature Stress Rate Upper·Yield Hardening Constant A 
(oF) 
Exponent 
(psi/sec) (:psi) (m) (psi) 
A 1* 83 270 40,500 0.278 1.36 x 105 
A 10* 68 435 42,000 0.281 1.39 x 105 
A12 66 480 42,000 0.304 1.58 x 105 
A 14 68 270 41,700 0.286 1.40 x 105 
A 19 79 330 39,400 0·302 1.42 x 105 I 
CD 
1.52 x 105 
I--' 
A20 73 370 42,500 0.297 I 
A 22** 75 355 41,000 0.297 1.45 x 105 
Ave. 41,300 0.292 1.45xl05 
* Denotes 0.357 inch diameter specimen (TYpe B) 
** Denotes specimen w.hose axis is perpendicular to the direction of rolling. 
All specimens unless otherWise specified 'are 0.505 inch diameter specimen (Type A) . 
Specimen 
Number 
A 25,*t 
A 26*t 
A164t 
A 165t 
A 166t 
A 167 
Testing 
Temp. 
(oF) 
78 
77 
78 
78 
78 
78 
TABLE 3-4 
SUMMARY OF CONSTANT STRAIN RATE TESTS 
Pre-Yield Upper Post Yield 
Strain Rate Yield Strain Rate 
(in./in./sec) (ksi) (in./ino/sec) 
2.2 x 10-5 40.0 4.4 x 10 -4 
2.9 x 10 -6 38.4 6.7 x lo-5 
2.9 x 10 -6 38.0 6.7 x 10-5 
2.9 x 10 -6 39·7 6.7 x 10-5 
2.2 x 10-5 41·7 4.4 x 10 -4 
5 .li'x 10 -4 44.2 1.1 x 10 -2 
* Specimen axis perpendicular to the direction' of rolling. 
Lower Strain 
Yield Hardening Constant A 
Exponent 
(ksi) (m) (psi) 
36.2 0.288 1.36 x 105 
35·3 0.267 1.25 x 105 
35·0 0.277 1.29 x 105 
36.0 0.279 1.30 x 105 
36·3 0.279 1.32 x 105 
39·0 0.299 1.49 x 105 
+ Post yield strain rate comparable to strain rate derived from specimens te$ted at 350 pSi/sec. 
I 
CD [\) 
I 
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TABLE 4-1 
SUMMARY OF UNEQUAL STRESS RATE TESTS 
Specimen Testing Stress Rate Stress Rate Prestrain 
Number Temperature First Half Cycle Second Half Cycle 
(OF) (psi/sec) (psi/sec) (in./ in. ) 
A 18 71 2.0 x 10 7 -340 0.0172 
A 94 65 4.9 x 105 -390 0.0465 
A 95 72 5.1 x 105 -340 0.0377 
A 96 70 5.3 x 105 -280 0.0392 
A 114 73 2.3 x 10 4 -410 0.0350 
A 117 75 1.9 x 10 4 -390 0.0397 
A 118 73 1.9 x 10 4 -340 0.0427 
A 35* 69 -4.0 x 10 2 380 -0.0455 
A 36 66 3.0 x 10 2 -470 0.0428 
A 40* 71 -3.4 x 10 2 370 -0.0485 
A 71* 76 -3.2 x 10 2 350 -0.0407 
A 121 74 4.8 x 10 2 -250 0.0503 
A 84 71 1.5 x 10 -240 0.0295 
A 66 76 1.4 x 10 -15 0.0495 
* Denotes compression-tension test cycle. All other specimens reported are 
tension-compression test cycle. 
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TABLE 4-1 (contrd) 
SUMMARY OF UNEQUAL STRESS RATE TESTS 
Specimen Testing Stress Rate Stress Rate Prestrain 
Number Temperature First Half Cycle Second Half Cycle 
(oF) (psi/ sec) (psi/ sec) (in ./in. ) 
A 106 160 9.4 x 107 
-370 0.0655 
A 104 160 1.4 x 10 8 
-330 0.0340 
A 87 160 5.2 x 105 -260 0.0270 
A 88 160 2.6 x 10 4 -250 0.0406 
A 110 160 2.6 x 10 4 -330 0.0410 
A 73 160 2.3 xl0 
2 
-310 0.0870 
A 80 160 2.7 x 10 2 -230 0.0500 
A 82 160 1.4 x 10 -250 0.0317 
A 83 160 7.0 x 10 0 -360 0.0190 
A 103 250 1.2 x 10 8 -270 0.0600 
A 105 250 1.1 x.l0 8 -380 0.0555 
A 97 250 4.8 x 105 -330 0.0370 
A 98 250 4.9 x 105 -330 0.0348 
A 108 250 2.5 x 10 4 -300 0.0365 
A 109 250 2.5 x 10 4 -310 0.0365 
A 74 250 2.1 x 10 2 -230 0.0535 
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TABLE 4-2 
SUMMARY OF UNEQUAL STRESS RATE TESTS 
Specimen Test First Half Prestrain Stress at Stress at 
Number Temp. Cycle Post (E ... 0.01) (E - 0.02) 
Yield E E P p p 
(oF) (in./in./sec) (in./ in. ) (ksi) (ksi) 
A 18 71 1.0 x 10-3 0.0172 42.5(47·6) 51.0(56.2) 
A 94 65 5.0 x 10 0 0.0465 39.0(38.0) 48.0(47;0) 
A 95 72 1.0 x 10 0.0377 41.5(42.0) 
" ' 
49.5(49.8) 
~ 
A 96 70 1.1 x 10 0.0392 41.5(41.6) 49.0(49.0) 
A 114 73 3.8 x 10 -2 0.0350 50.0(50.8) 58.0(58.8) 
-? 47·5 56.0 A 117 75 3.4 x 10 - 0.0397 
A 118 73 2.8 x 10 -2 0.0427 44.5(44.0) 52.0(51.5) 
A 35* 69 -5.0 x 10 -4 -0.0455 48.5(47·6) 54.5(53·7) 
A 36 66 8 -4 .5 x 10 0.0428 49.5(49.0) ·58.0(57·5) 
A 40* 71 -5.2 x 10 -4 -0.0485 49.5(48.2) 56.0(54.6) 
A 71* 76 
'. -4 
-3.9 x 10 -0.0407 46·5 52·5 
A 121 74 1.3 x 10-3 0.0503 45.0 (43.4) 53.5(51.0) 
A 84 71 2.4 x 10-5 0.0295 40.5(42.2) 48·5(50.4) 
A 66 76 3.8 x 10-5 0,0495 44.0(42.6) 51.0(49.6) 
A. 106 160 8.3 x 10 0.0655 44.5(41.2) 53.0(49.8) 
A 104 160 1.1 x 10 2 0.0340 36.5(37.4) 44.0(45.0) 
A 87 160 5.0 x 10 1 0.0270 35.5(38.0) 42.5(45.0) 
A 88 160 . -2 4.5 x 10 0.0406 43·0 50.0 
A 110 160 4.4 x 10 -2 0.0410 43·5 50.0 
A 73* 160 -6.0 x 10-4 -0.0870 49.0 (44. 0) 55.5(50.3) 
* Denotes compression-tension test cycle. 
( ) Items in parenthesis indicate extrapolated stress values. 
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TABLE 4-2 (cont1d) 
SUMMARY OF UNEQUAL STRESS RATE TESTS 
Specimen Test First Half Prestrain Stress at Stress at 
Number Temp. Cycle Post (E - 0.01) (E - 0.02) 
Yield E E P P . p 
(OF) (in./in./sec) (in./in. ) (ksi) (ksi) 
A 80 160 7.5 x 10 -4 0.0500 43.0(41.4) 51.0(49.6) 
A 82 160 2.3 x 10-5 0.0317 41.0(42.2) 48.5(50.0) 
A 83 160 6 -6 7. x 10 0.0190 38.0(42.4) 46.0(50.6) 
A 103 250 6.9 x 10 0.0600 41.5(39.0) 48.0(45.2) 
A 105 25Q' 6.8 x 10 0.0555 42.0(40.0) 48.0(45.8) 
A 97 250 6 -1 8. x 10 0.0370 42.0(49.0) 42.2(49.4) 
A 98 250 6.0 x 10 -1 0.0348 39.5(40.2) 46.0(46.8) 
A 108 250 2.9 x 10 -2 0.0365 46.0(46.4) 52.0(52.4) 
A 109 250 4.0 x 10 -2 0.0310 44.0(44.4) 49.5(50.0) 
A 74** 250 0.0535 43·0 49·0 
*.* Denotes serrated stress-strain curve. See text for explanation. 
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TABLE 4-3 
SUMMARY OF EQUAL STATIC STRESS RATE TESTS 
Specimen Testing Stress Rate Stress Rate Prestraih 
Number Temperature First Half Cycle Second Half Cycle 
(oF) (psi/ sec) (psi/sec) (in./in. ) 
A 31 73 -330 270 -0.0200 
A 32 78 -130 220 -0.0080 
A 33 67 300 -380 0.0163 
A 34 73 250 -270 0.0200 
A 35 69 -400 380 -0.0455 
A 36 66 300 -470 0.0428 
A 37 72 -520 370 -0.0305 
A 38 73 360 -360 0.0977 
A 40 71 -340 370 -0.0485 
A 71 76 -320 350 -0.0407 
A 72 77 -260 280 -0.0560 
A 75 76 -280 250 -0.0842 
A 119 74 330 -270 0.0245 
A 120 '7(\ 210 "n,..,. 0.0085 IV -cou 
A 121 74 480 -250 0.0503 
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TABLE 4-4 
SUMMARY OF EQUAL STATIC STRESS RATE TESTS 
Specimen Yield Stress in the Second Half Cycle IT 
Number 0.2% offset 0.4% offset 1.0% offset 0 
(ksi) (ksi) (ksi) (ksi) 
A 31 28.5 34.5 43·2 49·0 
A 32 25·0 31.0 39·5 37·0 
A 33 -26.8 -35.8 -47·0 -52.2 
A 34 -31.0 -36.0 -46.0 -52.0 
A 35 35·0 4100 49·5 63.0 
A 36 -31.0 -40.0 -51·3 -65·0 
A 37 33·5 39·0 46.5 56.0 
A 38 -37·0 -43·.0 -51·5 -73·0* 
A 40 32.5 40.0 51·3 66.0 
A 71 35·0 41.0 48.0 60.0 
A 72 36.5 42.0 50.0 6500 
A 75 38.0 47·0 56.5 74.0 
A 119 -32.0 
-37·5 -46.5 -55·0 
A 120 -28.0 -34.5 -42·7 -39·0 
A 121 -30.0 -3805 
-47· 5 -62·9 
* Denotes extrapolated value. 
TABLE 4-5 
CHEMICAL COMPOSITION AND MECHANICAL PROPERTIES 
Designation Chemical Composition ( in percent) Mechanical Properties (in ksi) 
C Si Mn S P Cr Cu Tensile Compressive Modulus of 
Yield Yield Elasticity 
Cast Steel 0.260 0.230 1.280 0.032 0.039 0.100 55.8 52.6 28,100 
Milcl Steel 0.22 0.06 0.60 0.025 0.038 28.0 28·7 28,600 
Carbon "E" 0.36 0.17 0.63 0.039 0.032 51.0 54·3 28,600 
Carbon "An 0·59 0.20 0·75 0.036 0.032 71·7 66.6 28,300 I 
(X) 
\0 
A-7 Bethlehem I 
Rea t 5 7T2 40* 0.15 0.16 0.87 0.034 0.011 0.10 41.5 43·7 30,100 
* Steel under investi~ation. 
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FIG.2-2 PHOTO-MICROGRAPH OF VIRGIN MATERIAL, 
SECTION PARALLEL TO THE DIRECTION OF ROLLING 
OF THE PLATE (IOOX) 2 % NITAL ETCH 
FIG.2-3 PHOTO-MICROGRAPH OF VIRGIN MATERIAL, 
SECTION PERPENDICULAR TO THE DIRECTION OF 
ROLLING OF THE PLATE (200 X) 2 % N ! TAL ETCH 
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Selector Switch for Tension and Compression 
Calibration (Swi tch open duri ng the test) 
-=- 6 volts 
Tektronix 
Oscilloscope 
H =Baldwin Type HE-141-B Strain Gage (Axis of the Strain Gage 
Perpendicular to the Axis of the Dynamometer) 
V=Baldwin Type HE-141-B Strain Gage (Axis of the Strain 
Gage Parallel to the Axis of the Dynamometer) 
R = Shunt Resistors 
FIG.2-4 CIRCU IT DIAGRAM FOR THE DYNAMOMETER WITH THE 
SHUNTING SYSTEM FOR CALI BRATION 
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Rs 
Switch open for tension calibration 
Switch closed for compression 
calibration and during test 
A:: Baldwin Type HE-141-B Active Strain Gage 
0= Baldwin Type HE-141-B Dummy Strain Gage 
Rs= Series Resistors for Tensile Strain Calibration 
Rt = Shunt Resistors for Compressive Strain Calibration 
-=- 6 vol ts 
Tektronix 
Osci II oscope 
FIG.2-5 CIRCUIT DIAGRA FOR THE STRAIN BRIDGE 
WITH THE SHUNT AND THE SERIES RESISTORS USED 
IN THE CALIBRATION 
Loading 
Piston 
Load Dynamometer 
r-- Poppet Valve 
/ (closed) 
External Chamber 
(P = Pt ) 
!nternal Chamber (P = 0) 
r-External Chamber 
~_-L.-...h---~ r:--.+---:'"'-----r-, ( P = Pc) 
Frome Reaction 
'--I-I--¥~ Port s (connects 
into a ext. 
Chambers) 
Piston Rod Stop 
PRESSURE SETTING FOR A TENSION-
COMPRESSION LOAD CYCLE 
UNLOADING CYCLE 
Poppet Valves opened 
to vent internal and 
external chambers to 
atmospheric pressure 
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Top Ports opened 
equalizing pressure 
in the internal 
and ex ternal 
chambers 
TENSILE LOADING CYCLE 
Bottom Ports opened 
equalizing pressure 
in the bottom internal 
and external chambers 
COMPRESSIVE LOADING CYCLE 
FIG. 2-6 SCHEMATIC DIAGRAM OF TESTING MACHINE 
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FIG.2-7 PHOTOGRAPH OF TESTING MACHINE 
0.05 
0.04 
c 
........ 
c 0.03 
(J) 
~ 
c: 
c: 
'" c 
0 
(J) 
Q) 
"-
"-
+- -U) 
U) 
0.02 
0.01 
o 
I 
20 
, i I i Strain-Time I L' I I .... I I t------'i,,:: _ --J----------~--
. I '--~-=--=-=-----~- ..;:.-~:.j: -.-- i
l 
'.-- - ._-- ._, . i ---..... ! 
---- - 11- I I ......, , I 
" : 
" I 
. , I 
I' . '...[ 
I _, __ ~\ ___-+_ . __ . __ ._ ; _ c-_~ _ \ 
\ I \\ 
40 II------~-
I ' \ 
I \ 
I \ I '" 
o I ~----- T'~- __ l __ ~ 
'-20 
-40 
--60 0 
I 
I 
I 
I I , : -+ : --~- ----+-
---
i I 
! I 
I 
-,) 
2 3 
!:\ 
! \ 
l \ 
I \ Il-__ _ ~--
I \ 
I \ 
I \ 
a- < 107 psi /sec 
i 
------+-------- ----f------- -----
, t 
I 
\ 
4 5 6 1 
Time, minutes 
FIG.2-8 TYPICAL STRESS-TIME AND STRAIN-TIME CURVES FOR A SPECIMEN TESTED AT A CONSTANT (T 
c 
....... 
c 
c 
c: 
o 
"-
-w 
0.08 80 
0.06 60 
tI) 
j::l., 
i:= 
.. 
tI) 
In 
41» 
I .... 
-.- 40 <of) 0.04 
0.02 20 
o o 
I 
i 
i 
t------------L------------ _______________ --t-__ 
t-
__ -."II 
----
o 0.4 0.8 
i,1 
) 
I' 
/ I 
/ 
1.2 
, 
/ 
, 
Stress-Ti me 
-----T----
I 
i 
/ 
/ 
/ 
,/ 
/' 
/' 
/ 
". 
-- /' 
/' 
1.6 
J 
/ 
/ 
/ 
I 
J 
, I 
! I 
! I 
i r 
I I 
: / 
: I~Strain-Time y 
I t--
2.0 2.4 
Time, milliseconds 
2.8 
FIG.2-9 TYPICAL STRESS-TIME AND STRAIN-TIME DIAGRAMS FOR THE FIRST-QUARTER 
CYCLE OF LOADING (0- > 107 psi/sec) 
I 
~ 
i 
I("---t ---- ""'- ........ 
.......... ~ ~ "-Prestrain, E p "-
'\ ~ 0.04 80 
" '\ / V" \ \ X c 00 
'- 0.03 a. 60 / \ c: 1\ '- c '-c: \ ... stresS-Timey \rStrain-Time 00 
... 00 
c: Q) 
\ 0 .... -.... en (j) 0.02 40 \ 
\ I 
\ '-0 \.0 
\ I 
0.01 20 
, 
I I' \ ----~ \ \ 0 \ 0 
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 
Time, milliseconds 
FIG.2-10 TYPICAL STRESS-TIME AND STRAIN-TIME DIAGRAMS FOR THE THIRD-QUARTER 
CYCLE OF LOA 0 I N G ( i:r > 107 ps i / sec) 
Symbol Testing Temperature 
ten. compo /1 / III ... 100° F 2000K / / 100 I- 6. / 
-20 244 
., 
-+- 1'V75 297 
\7 160 344 
«n 
250 394 
oX 
c: 80 
... 
«n 
«n 
QJ 
b. 
+-
U) 
"C 
QJ 
>- 60 
b. QJ 
a. ~I +- -~-- I ~.~ I __ ~ ." _J"'/ • I a. \-J ::> 
--
0 
0 
I 
40
1 
~6 1 1- _ -4Ir.--l ~-:f 1 __ ----- • ~ 
v 
20B~------~------~------~--------L-----__ ~ ______ -L ______ ~ ________ L-____ ~ 
o 2 3 4 5 6 7 8 
Log10{ u) 11 u in psi/sec 
FIG.3-1 LOGARITHM OF STRESS RATE VERSUS UPPER YIELD STRESS DI/GRAM 
-101-
. 
c. u.. E 0 
w 0 0 lO 0 
..... 1.0 to l"- N 
0 
(\J I 0 
-
12 I en 
~ 
c: 
.... 
en 
en 
w 
it.. 
...... 
10 U) 
"0 
.~ 
>-
it.. 
GJ 
C. 
c. 
::,) 
8 
0 
w 100 en 
.":::::-
en 
Q. 
c: 6 
.. b 80 
.. 
-
·b 
-0 70 
~ 
0 
...J 4 
60 
55 
2 
50 
o~------~------~--------~-------+------~~ 
40 
-2~------~------~--------~--------~--------~--------~ 
o 0.5 1.0 1.5 
1000 
RT· 
2.0 2.5 
FIG. 3-2· LOGt\RITHM OF STRESS RATE VERSUS IOOO/RT DIAGR 
FOR THE UPPER YIELD STRESS 
QJ) 
o 
E 
....... 
CI) 
QJ) 
o\: 
o 
o 
u 
c 
=:j" 
>"II 
0'0 
"-QJ) 
c 
W 
c 
o 
+-
01 
> 
+= 
u 
<:( 
10,000 
8,000 / 
6,000 
4,000 
U :: 2.06 x 109 cr -B.B7 
u in psi 
I 
}-l 
o 
!\) 
I 
.. 
2 000 ! !!!! I I --I 
1 20 40 60 80 100 120 140 160 
Upper Yield Stress, in ksi 
FIG.3-3 ACTIVATION ENERGY VERSUS UPPER YIELD STRESS DIAGRAM 
Symbol Testi ng Temperature 
II -100 ° F 200 0 K 
l:l. -20 244 
• 75 297 
'\l 160 344 
250 394 
U; 
~ 
c 80 
.. 
N 
0 
d 
II 
\U 
+-
~ 60 
U) 
QJ 
... 
+-
(f) ~-----==- _I.-I...::r- ~ I ____ .- " I~~ .~ I l-' 
0 
\.)~ 
401 1 ~ ± ~- -t-.-:-\i'= I--====-~ .---. • 
I 
[Sv-... ~ - -- - _?S: 
• 
2Q.6 -5 -4 
-3 .... 2 -I o 2 
LoglO {E L E in in./in./sec 
FIG.3-4 L0GARITHM OF STRAIN RATE VERSUS STRESS AT E= 0.02 DIAGRA 
-104-
ci. 
E IJ... 
CIJ 0 
8 
..... 
0 0 lO 0 0 .... 
en lO U) l"'- N 0 
ClIJ N i 
..... 
=4 ~------~-------4--------+--------+----~--~~ 50 
45 
-6~------~------~--------~------~--------~--~--~ o 0.5 1.0 1.5 2.0 2.5 
FIG.3-5 LOGARIT 
1000 
RT 
OF STRAIN RATE VERSUS 1000/R 
FOR THE STRESS AT E= 0.02 
L 
Ci» 10 1 000 '---_._---- () 
0 
E 
........ 
M 
Ci» 
\h", 
U :: 9.8 x 109 0- - I .. 29 0 
c 
u 8,000 
c 
::> 
0- in psi 
"" :>,. 
~ 
\h", 
Ci» 
c 6,000 w 
c: 
.2 
I 
I 
..... j-.-l c 0 
:> \Jl 
I ..... 
U 
« 4 1 000 
2,000 
20 40 60 80 100 120 140 16.0 
Stress Cit E = 0.02, in ksi 
FIG.3-6 ACTI VA T ION ERGY VERSUS STRESS AT E= 0.02 DIAGRAM 
Symbol Testing Temperature 
II -100 0 F 200 0 K 
6 -20 244 
• 75 297 \l 160 344 
en • 250 394 ~ 
c 
80 
~ 6°rl -----r===. --~I---=i~~~~·=-E~-=·=-~-~~~~~·~~: ':=~-==i~.o~:1:~·>'~r-~I II ~ I 
j-J 
o 
0\ 
I 
40 1 I 
-5 -4 -3 
L----------~--.------~----------1-'-'OO------~~--------~----=---~~--------~--------~~---'OOO----lI 20' 
-6 -I -2 o 2 
Log ao( E) 1 E i nin./in./sec 
FIG.3 LOGARITH OF STR IN RA E VERSUS STRESS T E:: 0.04 01 GR 
8 
6 
4 
(.) 
cu 
en 
':-
Ii: 
..... 
c 
c: 2 
.-0_ 
-~ 
011 
0 
....J 0 
-4 
-6 
o 0.5 . 1.0 
a. 
E 
cu 
..... 
+-
en 
cu 
..... 
-107-
1L. 
(» 
0 
lO 
N 
0 
CD 
1.5 
1000 
RT 
0 0 lO 
r- N 0 
-I I 
2.0 2.5 
FiG.3-8 LOGARITHM OF STRAIN RATE VERSUS IOOO/RT DIAG 
FOR THE STRESS AT E=O.04 
m 
oX 
Ii: 
.-
... 
v 
0 
0 
'DB 
\II 
en 
en 
cu 
'"" +-
(J) 
80 
70 
65 
55 
, -108-
14 
12 
\0 
~ 
'0 
-
x 
-ca; 
0 10 E 
........ 
U) 
X 1013 -1.92 ca; 
. rU=I.1 0i: cr 
0 
0 in psi u cr 
-c 8 , 
~ 
CD 
.... 
ca; 
c 
W 
c 6 0 I 
..... 
0 
:> 
.-
..... 
u 
0« 
4 
'" 
-
~ 2 
o~------~------~--------~------~--------~------~ o 20 40 60 80 100 
Stress at If::: 0.04, in ks.i 
FIG.3-9 ACTIVATION ENERGY VERSUS STRESS AT E = 0.04 DIAG 
I 
rt') 
r 
0 
)( 
-GJ 
0 
E 
...... 
en 
GJ 0i: 
0 
0 
u 
-,. 
:::> 
... 
~ 
at 
L-
eu 
c 
W 
c 
0 
..... 
c 
> 
..... 
u 
« 
-109-
14 r-------+---1\---+--1-\---+------~------~------~ 
Upper \ . \ 
12 
10 
8 
6 
4 
2 
00 
Yield Stres~ • 
\ \ \ 
b \ 
\. -\ ~\ 
\~ 
A \. 
/ \ ' Stress ot E::: 0.02----'" '6 
\ 
20 40 60 
Stress, in ksi 
80 100 
G.3-10 SUMMARY OF ACTIVATION ENERGY VERSUS STRESS 
U) 
~ 
.E 
... 
U) 
U) 
GJ 
t... 
... 
en 
"0 
GJ 
)a-
t... 
GJ 
C. 
C. 
:::» 
..J 
100 
80 
60 
40 
20 
1000 
'f\ 
I 
2000 
G.3-11 TI E E PER 
\ 
Symbof Testing Temperature 
0 -100 ° F 200 0 K 
0 
6 -20 244 
0 75 297 
\l 160 344 
0 250 394 
0 
lr-o-:{ ~~~ 2 X 105 } 
~ A T (IO -IOg1OE) 
1 o~~ I f--' f--' 0 r5J~ I 
3000 4000 5000 6000 7000 8000 
($/R) :: TUO -lagroE) 
RE PARA ETER VERSUS UP YI ELD STRESS DIAGRAM 
Symbol Testing Temperature 
0 -100 0 F ZOooK 
100 6 -20 244 
0 75 297 
'V 160 344 
0 250 394 
w 
~ 6 
c; 80 
.. 0\ 0 N 0 
0 
d 
01 ~6° \lIP 
-0 60 
w 
W 
QJ 
.... I 
-
r 
en !---J 
!--...l 
I 
40 I 
0 
20 ~'--------~--------~--------~--------~--------~--------~--------~--------~ 
800 1600 2400 3200 4000 4800 5600 6400 
(~/R) :: T(lO - log 10 E) 
FIG.3-12 TI E E PERA RE PARAME ER VERSUS STRESS T E ::: 0.02 DIAGRAM 
Symbol Test ing Te mperature 
0 -100 0 F 2000K 
100 ) /:). 
-20 244 
~ 0 75 297 \l 160 344 en 0 250 394 .¥ c 0 .- 80 
"" I~~p ~ 0 I d 
II 
w o41~\7 ... 10 60 en '-'o~ en ~ @ b 0 cu ~oo""C 1 ... ~ -,\7 )-! ... 0 0 )-! en V\::J 
o'V' f\) - I 
B 
40 
20 
800 1600 2400 3200 4000 4800 5600 6400 
(/31 R) ::: T(lO - log tOE) 
FIG.3'-13 TIME-TEMPERATURE PARAMETER VERSUS STRESS AT E =0.04 DIAGRAM 
'100 ~ \ { 1.6 X 105 } {I -3 } N /1-0- = TOO-log El + (5x10) TOO-log d 
80 ~ U) ~ c ~~ ... 0 w 60 0 og 
'f-----d 
D! rv 
'U 
I +- 0 0 
U) 
U) 
QJ 40 
'- I 
+- . I-' (J) !-' 
\.N Symbol Testing Temperature , 
0 -100 @F 200@K 
20 6 -20 244 -
0 75 297 
V t 6 0 344 
0 250 394 
0 I I 1 
0 1000· 2000 3000 4000 5000 6000 7000 8000 
($1 R) :: T{ 10 - IOg.OE} 
FIG. 3-14 TI E PERATURE PARAMETER VERSUS S ESS T E:: 0.06 DIAG 
--
100 ~~U=~Em I ___ A~ 
\" ~ ~V ~  A = 1.31 X 105 psi 
---5? ....-----r ~ ~ -..r---
--R: ...---@ ~ m = 0.216 ~ ~ ----~ U) 
~ ~~ Spec. Test Post Yield Upper c . - ~ No . Temp. Stress Rate Yield Stress 
« ~-------- 0 AI 83°F 210 psi Isec 40,500 psi 
........ 
0:.- scatter band BO IS 
• AlO 68 435 42»000 en 
00 sa 42 000 au I c:u o AI2 66 480 l-' ,... 11 1--' +-
U) 
I 
+-
6 AI4 68 210 IS 41.700 II 1 
c:u 
I :J 
I.- \l AI9 79 330 II 39 400 us 
...... 11 
o A20 73 370 u 42 500 ua I 11 
10 
0.01 0.10 
True Strain, loge{Ao/Aj) 
FI G.3-15 SU RY OF TRUE STRESS VERSUS T 
-.~--.~ 
Symbol Spec.No. Spec. Orientation 
---
o A 14 Parallel to D. R. 
o A :22 Perpendicu lor to O.R. 
I-IOO-t- vA' 
,/' 
I I I I I-/b//r/f I I I I I Parallel to D.R. • AI66 
~ 90- ~ I I I I J/ ' 
c 
,/' 
i-- 80----
i-- 70--
.. ----+--------+-----+---+-1 -+--1--+-1 -+-1 -t--I V---t----.-.. ~.:: 1 1 1 1 1 1-
« 
....... 
ci-
w 
w 
Q) 
li.-
+-(J) 
1--60- Q) 
::J 
li.-
i-
~50 I -
~~/ 
40 o~ 
Jml-
0.05 0.10 0.50 
True Stra in, loge (Ao I Ai) 
FIG.3-16 TYPIICAL TRUE STRESS VERSUS TRUE STRAIN CURVES FOR SPECI MENS 
SUBJECTED TO CONSTANT STRAIN RATE AND CONSTANT STRESS RATE 
I 
~ 
VI 
1 
I I 
Symbol Temp. Type of Test 
--
0 -100 CbF Constant Stress Rote 
6 -20 II Ii 18 
0.4 
• ,.." 75 18 Strain 18 
E 0 ,..,,75 II Stress Ii 
... 
6 
6 +- \I 160 Ii I. II C 
GJ 0 0 ?50 c 81 II II 0 "'- Ah 0 ~ 0.3 0 ~ ~ '" 0 W 0 w \I I a 6fJ 6\1 0 
• 
'""" 
00 0' !2P 00 0 c 
-c 0 0 IV 
\In "'0 0 ~ 0.2 I'" 
:J: 
C 0 I 
l---' .-
f-! Cl 
.... 0\ +- I U) 
0.1 
0 
-6 
-5 -4 -3 
-2 -I 0 I 2 
L0910( E') 1 E' in in.! in./sec 
FIG.3-17 LOG I OF S N RATE VERSUS STRAIN HARDENING EXPONENT DIAGRAM 
U) 
~ 
c 
~ 
..... 
c:: 
o 
..... 
U) 
c:: 
o 
u 
Symbol Temp. Type of Test 
2001 -+ • 
I'V 75 of Constant Strain Rate 
o r-.J75°F Constant Stress Rate 
o o o 
o 160L------J-------+------~_o----~~~·~~------r_----_J----~O~~----~ 
Q9 
o 
o 
1201 ~ 
o o 
o 
I 
f-J 
f-J 
-;j 
I 
801 ------~r_------j_------~--------~------_+--------+_------_+--------~------~ 
40·--------~------~--------~------~------~--~------~----____ L_ ______ _L ______ ~ 
-6 -5 -4 -3 '-2 -I o 2 
Log10 ( E}, E in in.! in./sec 
FIG.3-18 LOG RITH OF STR IN RATE VEHSUS CONSTANT BOAOI DIAGRAM 
-118-
First-Quarter Cycle Flow Curve 
0-::0-, (~>Cr2) 
E· J 
----
Third- Quarter Cycle Flow Curve 
Cr :: 0-2 
Stress-Strain Curve for a 
Monotonically Stressed 
Specimen i:r:: "2 
--
---
--
-- -----.----- --
CT. j 
Absolute Value 
of Strain 
FIG. 4-1 IDEALIZED STRESS-STRAIN CURVE FOR 
A TYPICAL UNEQUAL STRESS RATE TEST 
60 
U; 
oX 
c:: Stress ot ( E'p - 0.02) 
I _____ 
'\'"7. I I ~ I~ 
W 
w 
cv 50 
.... 
0e-
m 
3t: 
0 
--LL 
cv 
u 40 
:>. 
u 
.... 
cv 
oe-
.... 
0 
Stress at (E p - O.OI)~ 1 I 1-' ]-J \0 I 
:::::J 
0 30 I 
"0 
.... 
.c 
..... 
20' , I I , 
10-6 10- 5 10-4 10- 3 10- 2 10- 1 101 102 
Post Yield Strain Rate in First- Quarter Cycle of Loading, in in./in./sec 
FIG.4-2 POST YIELD STRAIN RATE IN FIRST-QUARTER CYCLE OF LOADING VERSUS 
THIRD-Q RTER CYCLE FLOW STRESS (75 0 F) 
en 
..:tiC 
c 
.-
... 
en 
en 
GJ 
t... 
... 
(J) 
3: 
0 
u.. 
u 
~ 
u 
t... 
GJ 
... 
b. 
10 
:;, 
0 
U 
"C 
t... 
.c 
F 
60 
50 
40 
30 
20 -6 
10 
Stress at (E - 0 02) -P . 
Stress at (e p 
10=5 10- 4 10-3 10- 2 10-1 101 102 
Post Yield Strain Rate in First - Quarter Cycle of Loading'!! in in./in./sec 
FIG.4-3 POST YIELD STRAIN RATE IN FIRST-QUART eye OF LO DING VERSUS 
THIRD-QUARTER CYCLE FLOW' S RESS (160 OF) 
I 
}---J 
f\) 
0 
I 
60 
en 
oX 
c 
.,. 
en 
en 50 ClJ 
'-
-(J) 
v 
Stress ot (Ep -0.02)7 I 
"0f 
v • ;t 
0 
i:i: 
ClJ • 
u 40 >. 
u 
'-
ClJ 
.\ 
Stress ot (Ep - o.on~ 
-'-0 
:;:, 
0 
I 30 "'0 
'-
..c 
...... 
20 10-2 10-1 10 
Post Yield Strain Rote in First-Quartet Cycle of Loading, in in./in./sec 
FIG.4-4 POST YIELD STRAIN RATE IN FIRST-QUARTER CYCLE OF LOADING VERSUS 
THIRD-QUARTER CYCLE FLOW STRESS (250 OF) 
-v-
• 
• 
I 
I-' 
I\) 
I-' 
I 
U» 
~ 
c 
.-
bO 
.... 
U» 
U» 
@J 
"'-
... 
(/) 
10 
60 
50 
40 
Room Temperature Tests 
o T - C Test Cycle 
• C - T Test Cycle 
. u1 ~ u2 ~ 350 psi/sec 
0" 
0"0 
I 
t--' 
!\) 
I'0 
• ... I 
Ep E 
300.1015 0.02 0.03 0.04 0.05 - !o.. - ~ !-- - '-- - l_ 
Prestrain, Ep 'D in in./in. 
FIG.4-5 PRESTRAIN VERSUS STRESS DIAGRA 
VI 
oX 
c 
b-
VI 
VI 
cu 
.,;,. 
.... 
W 
~ 
0 
-lL 
cu 
(.) 
~ 
u 
.... 
cu 
.... 
.... 
c 
::» 
0 
I 
"'C 
.... 
:c 
I-
70 
60 
50 
40 
Stress Level for a Monotonically Stressed Specimen, E:: 0.06 in./in., ir:: 350 psi /sec 
It 
" I ~
y 
'" 
1 I ~ 
Decrease in the flow stress caused by 
I) reversal in the sense of stressing, and 
2 1 stress rate of the first-quarter 
cycle of loading. 
--~ 
O"j at I.Ep+ (Ep-Ejll::O.06 
Ep:: 0.04 
E j :: 0.02 
30 U I I 
10-6 10-5 10-4 10-3 10-2 10-1 10' 102 
Post Yield Strain Rate in First-Quarter Cycle of Loading, in in./ine/sec 
FIG.4-6 POST YIELD STRAIN Rt~TE IN RST-QUARTER CYC OF LOADING VERSUS 
THIRD-QUA ER CYCLE FLOW STRESS (75 0 F) 
I 
l--' 
l\) 
\..N 
I 
-124-
100 
~ ~ ~fc~ 0 
80 ~/ ~ r ~ ~ ~/ E .-(I) ,/ 
~ 60 V 
c y 
.- V 
G'D ~
(I) 40 (I) 
QJ 
a... 
..... 
en 
20 
0.02 0.04 0.06 
Strain,lin in./in 
A - First Impact at 430 in./sec. B-Second Impact at 430 in./sec. 
C-Third Impact at 430 in./sec. E-Static Test after Three Impacts. 
D-StaticTest on Annealed Spec. 
DATA FROM R EF.( 4) 
.-(I) 
~ 80 
c I( E 
G'D 
en 
en 
QJ 
b. 40 ..... 
en 
0.02 0.04 0.06 0.08· 
S t r a i ~ , i n i n ./ in. 
A-First Impact at 535 in./sec. B-Second Impact at 535 in./sec 
E-Static Test after Two Impacts. O-Static Test on Annealed Spec. 
FIG.4-7 STRESS-STRAIN CURVES FOR VARIOUS LOADING HISTORIES 
-125-
60 
I- Jt 
.Lr- .... 
-
".J. 
40 r / 
- -~r """ 
~ 
Ie 
U) 20 
~ Ie 
.5 
... 
<1.- ~ 
....... 
0:.-
.... 0 (I) 
(I) 
Q) Temp.: 250 of 1 "'" +- cr. ': 212 psi/sec en 
w (1'2 : -227 psi/sec 
::J 
... ~ 
&--
-20 ~ 
~ 
-40 ~ ~ 
----""" ""'" 
-
..-
..... 
-60 
Gc4-8'TRUE STRESS VERSUS TRUE STRAIN CURVE FOR SPEC 
me I \ I A \ 1------...1. 
--
-
I r-Strain - Time 
...... 
...... 
0.051 \. :;;/ I I \ -"""{ 140 
\ 
\ 
\ 
\ 
\ 
0.04 I \ 20 
I \ 
I \ 
I \ 
C ./ I I \ VI 
I \ ~ 
I \ c 
§~ Oo03r ~ 0 I ... I \ VI I \ w I (IJ I 
I \ .... !--' +-I (f) l\) , \ 0\ 
I \ I /' 
0.021 f \ 
-20 
I , 
I ":L 1\ 1-60 I I I I / 0.01 I r I I 
I 
I Test Temp~:: 25 , I 
I 
I 
I 
0 0 
seconds 
FIG.4-9 STHESS V SUS TI E NO S IN VE S TI E CUHVES S EN A74 
FIG.4-IO STRESS-STRAIN CURVE FOR ~ ~ SPECIMEN A 97 40 
--------
",: 
T = 250 0 F ~ OJ = 4.8 X 105 psi /sec Cr2 =-325psi/sec <Jl 20 
w 
:::J 
a: 
t-
TRUE STRAIN, In/in 
-0.04 
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 
-20 • ) 
-40 
~ ~ 
--
~ ~ 
-60 
---~ 
~ ~ FIG.4-12 STRESS-STRAIN CURVE FOR ~ SPECIMEN A 109 ; 40 
F 
T=250°F ~ 0- 1 = 2.5 X 104 psi/sec 
0-2 = -310 psi/sec <Jl 20 
'" :::J a: 
t-
TRUE 'STRAIN, In/In 
-D.04 
-0.03 
-0.02 
-0.01 0 0.01 0.02 0.03 0.04 
I 
-20 
I) 
-40 
L.-r-~ 
~ ~ 
-60 , 
-
! 
--
FIG.4-11 STRESS-STRAIN CURVE FOR ; 
SPECIMEN A 98 40 
<Jl 
T 
<J) 
=250° F w 
a: 
(,.1 = 4.9 X 105 psi/sec t-
0-2 =-327psi/sec ~ 20 
-0.b4 -0.03 -0.02 -o.bl 0 
-20 
-40 
-
~ 
-60 
FIG. 4-13 STRESS-STRAIN CURVE FOR 
SPECIMEN A 108 40 
T = 250 0 F 
~ 
';'1 = 2.5 X 104 psi/sec ~ 
';'2 = -300 psi/sec :;; 20 
w 
:::J 
a: 
t-
-0.04 -0.03 -0.02 -0.01 0 
-20 
-40 
-~ -60 
I---~ ~ ,,~ 
TR~E STRAIN, in/in 
0.01 0.02 0.03 0.04 
~ 
1 
/ 
V 
~ V ~ 
l-,..----~ ~ 
TRUE STRAIN, Inlln 
0.01 0.02 0.03 0.04 
~ 
) 
l-----' V !.----
-'--
-
I 
II 
~ .. ~ 
r,,", 
~.J 
H 
<Ii'> 
-128-
40~------+-------~-------+--------r-------+-~----~ 
< ) 
<! 
20 II-+------_+_ 
Specimen A 121 
Test Tem p.::: 75 
. 
(1"; ::: 480 psi/sec 
. 
(1"2 =-250psi/sec Offset 
~ 0 ~------+-------~-------+--------~------~------~ OJ 
.... 
.... 
en 
OJ 
:::::» 
.... 
I- ·f j 
-20 (~--+-----+---i------.H---+-+--------lI 
I 
f I E, 
-4~~----~----~------~--~!~~~~--~----~ 
__ ~~"'-(TYr 
o 0.01 0.02 0.03 0.04 
True Strain, log (A IA.) 
e 0 I 
0.05 
FIG.4-14 TYPIC L TRUE STRESS VERSUS TR STR IN CU 
R A SPECI EN TES 0 ABOUT EQU L STRESS R 
40 
'en 
~ 
.5 
"" += 
E 30 
-.J 
u 
+= 
en 
ir :: :3 X 101 psilsec 
0 I I IJJ 
QJ 20 u 
~ 
~ -I u 
... 
QJ 
+= 
... 
I 
0 
10 I ~~ol .f-1 ::lI f\) 0 \.0 I 
I 
"0 
... 
.c 
..... 
o p. , I I , I I , 
o 0.02 0.04 0.06 0.08 0.10 0.12 0.14 
Prestrain, Ep, in in./in. 
FIG. 4-1~) PRESTRAIN VERSUS THIRD-QUARTER CYCLE ELASTIC LIMIT DIAGRAM 
·_.~.r=--- I 0/0 Tangent Offset 
,- ~ 
50 
0;; 
K·~·1-~ I --L-o 0/0 Tangent o If se t 
~ 
c 
coo 40 en 
en 
CII.» I~\ I _~.-9_- ....... +--0.2% Tangent Offset '-
-+-(J) 
CII.» 
13 
~ I ' 1 -L 11."""'- I.l. -I U U 
'- 30 
CII.» 
+-
'-
.... L,.. ... II i Lottset I 0 6 }-I :;:, \.N 0 0 I I "0 
'- • Tension - Compression Cycle 
.c 20 
' r € ..... o Compression"'Tension Cycle ;€p 
10 
o 0.02 0.04 0.06 0.08 0.10 
Prestra in, E p, in in./in. 
FIG.4-16 PRESTRAIN VERSUS THIRD-QUARTER CYCLE STRESS DIAGR (350PSI/SEC) 
tJ) 
~ 
soL. -----L----~----~----~----~----_r----II----II----l 
c: 
!... 
b'>-. 
~ 60 
~ zs; Offset 
!... 
~ ____ D~~~---
(f) ~ 0.4% Tongent Offset 
'>-. 
u 
.... 40 - - -0- 0.2 % Tongent Offset 
QJ ~ ---
01 
:::» 
o 
I 
1-' 
\}J 
1-' 
1 
I 
-0 
!... ~ 201r---------1I---------j----------i----------t----------+----------t------~~~--------J---------~ 
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
Prestrain, Ep, in in./in 
FIG.4-17 ESTR N VERSUS THIRD- RTERCYCLE STRESS DI GR (3XI07 pSI/SEC) 
U) 
.JiI: 
Il: 
~ 60 
cu 
U) 
>e-
>e-
O 
..... 
Il: 
cu 
f! {E. 50 
~ o 
N 
d 
o 
Il: 
o 
"'0 
cu 
U) 
o 
CD 
U) 
U) 
cu 
to.. 
Ui 30 
"'0 
cu 
)-
"'0 
cu 
en 
Qj 20 
:> 
cu 
0::: 
6 
Symbol 
6 
o 
Type of Stee I 
Mild Steel 
Corb on lit.: Steel 
Carbon OIEUSt eel 
Cast Steel 
A - 7 Bet hie hem H eo t 57 T 240 
---
--
--
-
10 0 0.004 0.008 0.012 0.016 0.020 0.024 0.028 0.0'32 
Prestroin, E t in in.! in. 
FIG. -18 VERSUS REVERSED E STRESS DIAGRAM 
I 
j--l 
\),J 
f\) 
I 
I 
Mild Steel 
~ o.sl \'~~ .. I 00 \\\ ~ / ""....tfIIP .... ---00 00 QJ 00 
'- QJ +-(f) '- \\~·(o-_~_ :=r= t ~ --+- --(f) _--- .. - I ~Cast Steel "0 '. _ . _----- --;'-7 Bethlehe:-'s QJ "0 )- QJ _-~-- Heat 57T240 
"0 )- 0.6 QJ c:: 00 
'- ~ 
QJ '- I ...... """'- i .... --
:> .-
QJ > 
a::: 
- ... ~--- 0r---.1--. _ -j-__ I At. 1.----~ 
0.4 
'--.po .::~:. steeS' 0 Carbon OB E 8D Stee I ~ I t- l-' « \...N \...N 
a:: I 
0.2 
0 0 0.004 0.008 0.012 0.016 0.020 0.024 0.028 0.032 
Prestrain, Ep, in in./in. 
FIG.4-19 PRESTRAIN VERSUS RATIO OF VERSED YIELD ESS TO VIRGIN YIELD 
S ESS { SED 2 c NGENT OFFSE DIAGRA 
U'1J 
~ 
bO 
U'1J 
(I) 
W 
b 
+-(f) 
w 
(3 
~ 
u 
b 
W 
+-
b 
C 
::lI 
cO 
I 
"OJ 
b 
.c: 
I--
IOO~'--T-----------r--------------+-----------+------~~----~----4---~----~~ 
----
80 Ii' I ::;;;;0<'" ~ J-l ----1----\----+---\----11 
~ 
.---.,...----
60 I ::::;;;;aa=-'" ~ Y ::l:;;;;;.a- ...........---_A IU~-----t-----t__----+---_t_--;__-____iI 
401 ·1 
Symbol 
o 
20 I --t- ' I 
o 
Approximate Stress Rate 
3.0x101 psi/sec 
5.0 x 105 psi/sec 
.3.5 x 102 psi/sec 
Temp. :::6'Y75 of 
O' I ~ I I I , ! ! I 
0.015 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
Prestrain'b Ep, in in.! 
FIG.4-20 SU OF N VERSUS HI RD-QU TER STR ESS DIAGRA S 
I 
~ 
+-
I 
(\II. 
c: 
........ 
Cf) 
c: 
° ..... c: 
.-
... 
bO 
... 
«n 
«n 
WI 
.... 
..... 
tn 
.... 
WI 
..... 
.... 
C 
:::l 
0 
I 
"'0 
.... 
:c 
I--
Symbol 
30 
25 
20 
15 
10 
0.002 
6 
0 
0 
/1 
Steel 
Cast Steel 
i I d Steel 
Carbon DBEU Steel 
Carbon IDAUSteel 
A-7 Sethi ehem Hea t 57T240 
VI ltt1 ~ 
0.01 
Prestrain, Ep , in in./in. 
FIG.4-21 PRESTRAIN VERSUS THIRD-QUARTER STRESS DIAGRA 
I I I I I I~ 
0.1 
FOR OT R S ELS 
It/) 
~!ii!:: 
It:: 
Symbol 
80 r- 0 
• 
\l 
.;_ 70 
IfJ') 
IfJ') 
I!IJ 
Ih.. 
+-
if) 
Ih.. 
iW 
+-
Ih.. Ie 
::J 
('3 
I 
'0 
Ih.. 
:c 
I-
60 
50 
Third -QuClrter Stress 
q-J at (Ep - 0.06) 
q. at J (Ep -0.04) 
u-J at {Ep - 0.02} 
u· J at {Ep -0.01} 
_---'-v--
.. Temp. ~ 75° F 
iT ~q!::! 350 psi/sec I 2 
40 I I 
0.015 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
Pre s t r a i-n, E p' i n in./ in. 
FIG.4-22 PRESTRAIN VERSUS THIRD-QUARTER STRESS DIAGR (350 PSI/SEC) 
III) 
~ 
c: 
80 I~--~------------~ 
I 
Temp. ~ 75 c F 
0.1 ~ 0-2 ~ 5 X 105 psi /sec 
o=-' 70 I I I 
... ? I t ~~ I 
gO-0_....1--
0
- P 
" - __ I ~ . --r--- -l.--!. =-=-t-::J--i 
... 
III) 
III) 
OJ 
110.. 
+-(J) 
u. at (Ep- 0.04) J 
u j at ( E P - 0.02 ) 
I I f--.' 
50 -~.-.. 
I ~'L1. __ --_JJ--------r-t--~---L-'L-c-~ __ 11--
\..N 
----.J 
I 
u·ot (Ep-O.OI) j 
40 L, --~--------+-------------+---------~----~------r----j---J--~~-' 
0.01 0.0t! 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
Prestrain 1I Epll in in./ in 
FIG. -23 PIRES IN IRD-Q R ESS DIAGR (5XI05 PSI/S) 
«n 
~ 
II:: 
b-
«n 
«n 
w 
a... 
+= 
U) 
a... 
W 
+= 
a... 
o 
::B 
o 
I 
"'0 
a... 
..c 
I-
90 I • 
__ ....J.----rr ........... ---~---_1r:r_-.......-T"'T""-_t_ OJ at (E p - 0.06) 
80 
1---- 0--- 6 6 
OJ at (E p -0.04) 
. ~ 
/ 
70 I ilL. 4---- I I I 
// I lr·-· .. rr---+I t."""'. .~ ._. -t--.- ~ot (41 -0.02) 
,............-- ! I P 
60 1---- .. 1_ +- i I 6 J~----- 'f L.."""",,--- v ----T-- r--- - ~--- - Ojot(C;p-O.OI) 
'J/// 
50 Temp. 15°F 
"..// 
tTl ~ tT2~ 3 x I 0 1 psi I sec 
40 ' I 
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
Prestroin, Ep, in in./in. 
FIG84-24 PRES IN VE US THIRD-QU R R R DI G (3 X I I/SEC) 
50 
40 
~ ql 
>o~ 
o· 
lOt? 
FIG44-25 IS ETRIC REPRESENTATION THE VARIABLES~ STRESS, 
ESTRAIN, AND STRESS RATE 
t~ 
I 
.!-J 
VJ 
\D 
I 
Stress-Strain Curve for a Monotonically Stressed 
-- Specimen (iT ~350 psi/sec) 
L--J---~--~-4~'~-r---C~~~~~--1 ( 80 1 
en 
~ 
... 
en 
Decrease in Flow Stress Caused by Stress Reversal 
-
--
--
~ 60 I I ~f 1.//·/~1-~ L~hird-QUarter'cYCle Stress~Strain curve' 
~ A 
'+-
o 
cu 40 I F".,.' I 
::B 
10 
> 
cu 
+-
::B 
First- Quarter Cycle 
Stress -Stra in Cur ve 
o ~ 20 nBl~---------r----------~----~L-~ ~ ~ 
0.02 0.04 
Temp. = 74°F 
Cr! ;;:~o-2 ~350 psi / sec 
Tension - Compression Loading 
0.06 0.08 0.10 0.12 
Absolute Value of True Strain 
0.14 0.16 
FIG.4-26 ABSOLUTE VALUE OF TRUE STRESS VERSUS ABSOLUTE VALUE OF TRUE 
STRAIN DIAGRAM FOR SPECIMEN A 121 
I 
t-' g 
I 
0"4 Monotonically Stressed 
80 I-- ~ I : _--------- Third-Quarter Cycle Flow Curve 
,.-At"'u. . 
./ I J 
I I 
V-
I 
I 
70 I-- C! 0..- I Temp.~ 75°F n .... --{:I,,.,. _ 4"4 \I 
-E 
qn 
iT ~ iT ~ 350psi/sec 
I 2 
~ 
c 
.-
IP 60 i---.r· ..... ; Stress-?frain Curve for a qn 
qn J \"Monotonrcall Y Stressed 
G) 
'- Specimen ~ I 
+= (f) 
.\-"-1 
..J::"'" 
f-J 
I 
--
-----;----~ '\.. 
Third - Quarter Cycle 
S tress~ Pre s t rai n Curve 40 1-1 -------+-------
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
Prestrain'll Ep ' in in./in. 
FIIG.4-27 PRESTR IN VERSUS STR ESS DIAGRAM (Ep- E j =0.01) 
(I) 
.~ 
c: 
(I) 
(I) 
cu 
&.. 
.... 
U) 
I 
Temp. ~ 75 0 F 
~ iT ~ u ~ 350 psi Isec I 2 80 
Stress -Str . Msonotonicall~nS¥urve for a 
70 pecimen ressed 
60 
50 1-1 ~~----t----
Third -: Quarter Cycle 
Stress ~ Pre s t ra in Curve 
40 I I I I I I I I I 
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
Prestrain, E , in in./in. p 
FIG. -28 PRESTR N VERSUS S RESS DIAGRA ( Ep - Ej =0.06 ) 
I 
j--l 
..j:::"' 
I\) 
I 
M 
.JII'! 
C 
0 
M 
.... 
GJ 
>-GJ 
0:: 
M 
M 
GJ 
.... 
--(f) 
~ 
.a 
"C 
GJ 
M 
:l 
0 
U 
M 
M 
GJ 
b. 
+-(f) 
3t 
0 
lL. 
c 
GJ 
M 
0 
GJ 
b. 
U 
'GJ 
a 
CD 
N 
I 
~ 
OS 
.-
lL. 
b. 
GJ 
..... 
(b 
0:: 
-
40 Ir-------+------~--------~------+_------~------~------_r------~ 
30 
iT:::.. (,-:::.. 3 x 10 psi I sec I 2 
~ 
20L------+----~~~----~----~------_r------+-----~------1 
10 L---~~~~--~~----~----~------_r~----T_--~_j------I 
? ~ ~"2 ~ 350 psi/sec Ir Temp. ~ 75° F 
I 
1--' 
+=-\..N 
I 
6 
o " I I I I I I I 
o 0.02 0.04 0.06 0.08 0.10 0.12 0.14 
Prest ra in .. E , in in./in. p 
FIG. 4-29 PRESTRAIN VERSUS REDUCTION IN THIRD-QUARTER STRESS DIAGRAM 
lin 
..:Iii:: 
c: 
CD 
o 
o 
01 
\U 
ce-
o 
lin 
lin 
QJ 
'-
ce-
00 
(J" 
100 
First- Quarter Cycle 
80 I I , '~HI--~/~-----r--------~----------+ 
60 I .......... T~III 
40 
20'000 2000 3000 4000 5000 6000 
(~/R)= TUO - 100 E) 
10 
First-Quarter Cycle 
Ep 
7000 
0.06 
{ 
Third-
Quarter 
Cycle 
8000 
FIG. 4-30 TI E- P TURE PAR ETER VERSUS STRESS E:: 0.06 DIAGRA 
E 
I 
1--' 
+ 
'+ 
I 
en 
~ 
c 
... 
<1.-
....... 
0:.-
CIt 
en 
CiJ 
... 
..... 
U') 
CiJ 
:J 
... 
...... 
810 ~I ---------+--------~--------~r_--------~--------+_--------~--------_r--------~ 
Specimen A 161 (Tension -Tension) 
60 ,....-"" 
........ 0 
"..,..0 ....... 
/~specimen It. 31 (Compression - Tensionl 
40~===r~~~~--~--------T--------r------~--------T--------r----~-, 
~ 
20 ~ 1 
; J 
00 0.04 0.02 0.06 0.08 0.10 
True Strain, loge( Aol Ai) 
Room Temperature 
0.12 0.14 
I 
j-.J 
.+ 
\.n 
FIG.4-31 TRUE STRESS VERSUS TRUE STR IN CURVES FOR A REPEATED 
LOAD AND ONE CYCLE TEST ( =0.02) 
w 
~ 
c: 
80 
- ... 60 
<:( 
...... 
Specimen A 159 (Tension-Tension) J _I ___ 0--
0-- p 0--
__ o-
J ---
o 0-
". /'" 
0'" / ~ Z~ / 0/ "" //0/ 0/ Specimen A 71 (Compression-Tension) w / 0:.-
w / 
W 0 
.... 
-- 40 ~ 0 
W 
;:, 
.... 
..-
20 
I I 
10 
I I 
10 
41 II 
to 
....L 
" 
o 
p 
, II 
I 
o 
I 
o I tit 
o 0.02 0.04 
Room Temperature 
0.06 0.08 0.10 0.12 
T rue S t r a in, log e ( Aol Ai) 
0.14 
FIG. 4~32 RUE STRESS VERSUS TRUE STRA I N CURVES FOR A REPEATED 
LOAD AND A ONE CYCLE TEST (Ep:: 0.04) 
I 
I-" 
..J='" 
0\ 
I 
¢I) 
oX 
c 
80 ~I---------~~------~ 
1 I I 
Te m p. = 77 0 F 
Strain Rate;:; 5.6 x 10 .. 5 in./in.1 sec 
o 
~ 0:.- 60 Specimen A 165--
-------- ..,,..--q. 
¢I) 
¢I) 
w 
"-
+-
en 
I I 
- ' Ii Specimen A 26 ,1 
II II 
ICB 
C 
"-
w 
w 
C 
I 
j-J 
I ,I 
" I I -T~--: I 'I ----r----~~ 
I' I, 
II II ICB 
c: 
W 2011 I' Ii " II 
j I: 0 0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 
Eng i nee r i n g S t r 0 in, ~ III , in in./ in. 
FIG. 4- 33 ENGINEERING STRESS VERSUS ENGINEERING STRAIN CURVES 
FOR SPECI ENS TESTED AT CONS NT STRAIN RA E 
+ 
--;J 
1 
